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Abstract

The Workshop on Enabling Technologies for Peta(FL)OPS Computing

was held on February 22 through 24, 1994 at the DoubleTree Hotel

in Pasadena, California. More than 60 experts in all aspects of high-

performance computing technology met to establish the basis for con-

sidering future research initiatives that will lead to the development,

production, and application of PetaFLOPS scaled computing systems.

The objectives of the workshop were to: 1) Identify applications that re-

quire PetaFLOPS performance and determine their resource demands,

2) Determine the scope of the technical challenge to achieving e�ective

PetaFLOPS computing, 3) Identify critical enabling technologies that

lead to PetaFLOPS computing capability, 4) Establish key research is-

sues, and 5) Recommend elements of a near-term research agenda.

The workshop focused on four major and inter-related topic areas:

Applications and Algorithms, Device Technology, Architecture and Sys-

tems, and Software Technology. The workshop participants engaged in

focused sessions of small groups and plenary sessions for cross-cutting

discussions. The �ndings produced re
ect the potential opportunities

and the daunting challenges that confront designers and users of future

PetaFLOPS computing systems. A PetaFLOPS computing system will

be feasible in two decades and will be important, perhaps even criti-

cal, to key applications at that time. This prediction is based, in part,

on the key assumption that there will be a continuation throughout the

twenty-year period of the current semiconductor industry advances both

in speed enhancement and in cost reduction through improved fabrica-

tion processes. While no paradigm shift is required in systems architec-

ture, active latency management will be essential requiring a very high

degree of �ne-grain parallelism and the mechanisms to exploit it. A

mix of technologies will be required including semi-conductor for main

memory, optics for inter-processor (and perhaps inter-chip) communi-

cations and secondary storage, and possibly cryogenics (e.g., Josephson

Junction) for very high clock rate and very low power processor logic.

E�ectiveness and applicability will rest on dramatic per device cost re-

duction and innovative approaches to system software and programming

methodologies.

Near-term studies are required to re�ne these �ndings through more

detailed examination of system requirements and technology extrapola-
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tion. This report documents the issues and �ndings of the 1994 Pasadena

PetaFLOPS workshop and makes speci�c recommendations for near-

term research initiatives.
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Executive Summary

A PetaFLOPS is a measure of computer performance equal to a mil-

lion billion operations (or 
oating point operations) per second. It is

comparable to more than ten times all the networked computing ca-

pability in America and is ten thousand times faster than the world's

most powerful massively parallel computer. A PetaFLOPS computer

is so far beyond anything within contemporary experience that its ar-

chitecture, technology, and programming methods may require entirely

new paradigms in order to achieve e�ective use of computing systems at

this scale. For the U.S. to retain leadership in high-performance com-

puting development and application in the future, planning and even

early research into PetaFLOPS system design and methodologies may

be essential now. To start these processes a number of Federal agencies

combined to sponsor the �rst major conference in this emerging area.

The Workshop on Enabling Technologies for Peta(FL)OPS Comput-

ing was hosted by the Jet Propulsion Laboratory in Pasadena, California
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from February 22 through 24, 1994 and included over 60 invited contrib-

utors from industry, academia, and government. They met to establish

the basis for considering future research initiatives that will lead to U.S.

preeminence in developing, producing, and applying PetaFLOPS-scale

computing systems.

The broad goal of the Workshop on Enabling Technologies for

Peta(FL)OPS Computing was to conduct and produce the �rst compre-

hensive assessment of the �eld of PetaFLOPS computing systems and

to establish a baseline of understanding of its opportunities, challenges,

and critical elements with the intent of setting near-term research di-

rections to reduce uncertainty and enhance our knowledge of this �eld.

The major objectives of the workshop were to

Identify Applications of economic, scienti�c, and societal importance

requiring PetaFLOPS scale computing.

Determine Challenge in terms of technical barriers to achieving ef-

fective PetaFLOPS computing systems.

Reveal Enabling Technologies that may be critical to the imple-

mentation of PetaFLOPS computers and determine their respective roles

in contributing to this objective.

Derive Research Issues that de�ne the boundary between today's

state-of-the-art understanding and the critical advanced concepts to to-

morrow's PetaFLOPS computing systems.

Set Research Agenda for initial near-term work focused on immedi-

ate questions contributing to the uncertainty of our understanding and

imposing the greatest risk to launching a major long-term research ini-

tiative.

The workshop was sponsored jointly by the National Aeronautics and

Space Agency, the Department of Energy, the National Science Foun-

dation, the Advanced Research Projects Agency, the National Security

Agency, and the Ballistic Missile Defense Organization. Invited partic-

ipants were selected to ensure the highest quality and coverage of the

driving technical areas as well as representation from all elements of

the high-performance computing community. The direction and nature

of the workshop were set by opening talks presented by Seymour Cray

and Konstantin Likharev. The workshop was organized into four work-

ing groups re
ecting the pace-setting disciplines that both enable and
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limit progress toward practical PetaFLOPS computing systems. These

working groups were

� Applications and Algorithms

� Device Technology

� Parallel Architectures and System Structures

� System Software and Tools.

The Applications Working Group considered the classes of applica-

tions and algorithms that were both important to national needs and

capable of exploiting this scale of processing. Through these discussions,

some understanding of the resource requirements for such applications

was derived. The Device Technology Working Group explored the three

most likely technologies to contribute to achieving PetaFLOPS perfor-

mance: semiconductor, optics, and cryogenic superconducting. This

group established projections of the capabilities for each technology fam-

ily and distinguished them in terms of their strengths and weaknesses in

supporting PetaFLOPS computing. The Architecture Working Group

examined three alternative structures comprising processor, communi-

cation, and memory subunits enabled by future technologies and scaled

to PetaFLOPS performance. They investigated the most likely organi-

zations and mixes of functional elements at di�erent levels of technology

capability to reveal a spectrum of possible systems. The Software Tech-

nology Working Group took on the challenging task of delineating the

principal obstacles imposed by current software environments to e�ec-

tive application of future PetaFLOPS computing systems. They also

examined the implications of alternative environments and functionality

that might substantively contribute to enhanced usefulness.

This �rst comprehensive review of the emerging �eld of PetaFLOPS

computing systems produced a number of important �ndings that

broadly de�ne the challenge, opportunities, and approach to realizing

this ambitions goal. These were as much derived from interactions

among the working groups as coming from deliberations within any sin-

gle group. The following re
ect the major �ndings of the workshop

combining key contributions from all four of the working groups:

1. Construction of an e�ective PetaFLOPS computing system will be fea-

sible in approximately 20 years, based on current technology trend pro-
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jections.

2. There are and will be a wide range of applications in science, engineering,

economics, and societal information infrastructure and management that

will demand PetaFLOPS capability in the near future.

3. Cost, more than any other single aspect of a PetaFLOPS initiative,

will dominate the ultimate viability and the time frame in which such

systems will come into practical use.

4. Reliability of PetaFLOPS computer systems will be manageable but

only because cost considerations will preclude systems having a much

greater number of components than current massively parallel processing

systems.

5. No fundamental paradigm shift in system architecture is required to

achieve PetaFLOPS capable systems. Advanced variations on the

NUMA MIMD (and possibly SIMD) architecture model should su�ce,

although speci�c details may vary signi�cantly from today's implemen-

tations.

6. It is likely that a PetaFLOPS computer will exhibit a wide diameter,

i.e., the propagation delay across a system measured in system clock

cycles. Latency management techniques and very high concurrency on

the order of a million-fold will be key facets of systems of this scale.

7. The PetaFLOPS computer will be dominated by its memory. But, at

least for science and engineering applications, memory capacity will scale

less than linearly with performance. A system capable of PetaFLOPS

performance will require on the order of 30 terabytes of main memory.

8. To achieve PetaFLOPS performance, such computers will comprise a

mix of technology providing better performance to cost than possible by

any single technology. Semiconductor technology will dominate memory

with some logic, and progress toward this goal will be tied to advances in

the semiconductor industry. Optics will provide high bandwidth, inter-

module communication at all levels and mass storage but little or no

logic. Superconducting Josephson Junction technology may yield very

high-performance logic and exceptionally low power consumption.

9. Major advances in software methodologies for programmingand resource

management will be necessary if such systems are to be practical for end-

user applications.
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During the course of deliberations among the workshop participants,

many issues were brought to light, clarifying the space of opportunities

and obstacles but leaving many questions unanswered. For example,

assumptions about semiconductor technology in 20 years were derived

from SIA projections to the year 2007 and required extrapolation beyond

that point. The economics of specialty hardware was questioned, leaving

unresolved the degree to which any future PetaFLOPS computer design

must rely on commodity parts developed for more general commercial

application. The nature of the user base for PetaFLOPS computers was

highly contested. The possibilities included classical science/engineering

problems, total immersion virtual reality human interfacing, and mas-

sive information management and retrieval. The di�culty of program-

ming even today's massively parallel processing systems left open the

possibility that signi�cant resources would be committed to achieving

ease-of-use at the cost of sustained performance. But how such systems

would ultimately be programmed is uncertain. The narrow scope of

architectures examined was still very broad with respect to the tech-

nology issues they posed. Although for each of the three architectures

latency is seen as an issue driving system architecture decisions, the

space of alternatives was too wide to permit a speci�c approach to be

recommended over all others. And, beyond the approaches explicitly

examined, there remains the possibility of completely untried architec-

tures that might accelerate greatly the pace to PetaFLOPS computing.

These and other issues, while revealed as important at this workshop,

remained unresolved at its close.

Finally, the workshop concluded with key recommendations for near-

term initiatives to reduce uncertainty and advance U.S. capability to-

ward the achievement of PetaFLOPS computing. In the area of de-

vice technology, it was considered imperative that better projections for

semiconductor evolution be developed, and that the true potential of

superconducting technology be better understood. With regards to ap-

plications, speci�c examples identi�ed as candidates for PetaFLOPS ex-

ecution should be studied in depth to determine the balance of resources

required at that scale in order to validate the appropriateness of the pri-

mary candidate architectures. Such a study should include at least one

example of an application for which there is little current use but which

is potentially important to the future. The architecture working group

covered many facets of PetaFLOPS architecture and produced a mean-
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ingful overview of a tenable PetaFLOPS computer structure, but many

details had to be left unspeci�ed. It is recommended that a near-term

study be initiated to �ll in the gaps, determining the requirements of

the constituent elements of such a future machine. These speci�cations

are essential for validating the approach and determining requirements

for all of the technologies used in its implementation.

In conclusion, the Workshop on Enabling Technologies for

Peta(FL)OPS Computing was an historic meeting that brought together

a remarkable set of experts in the �eld of high-performance computing

and focused their talents on a question of great future importance to

our Nation's strength in science and engineering, as well as its economic

leadership in the world of the next century. Ideas, both conservative

and controversial, were explored and the workshop resulted in an initial

set of �ndings that will set the course toward the ultimate achievement

of a PetaFLOPS computer. But, an important immediate consequence

of this workshop beyond the greater understanding of PetaFLOPS com-

puting systems achieved was the extraordinary synergism and cross fer-

tilization of ideas that occurred among some of this Nation's major con-

tributors to computer science.
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1 Introduction

As the twentieth century draws to a close, it is becoming clear that our

Nation's prosperity and security in future decades will rely heavily on its

productivity and competitiveness in an increasingly aggressive interna-

tional market place. Crucial to leadership in this rapidly changing global

economy are its capabilities in developing, manufacturing, and applying

high-performance computing and informationmanagement technologies.

Yet, although the demand for R&D investment to meet this challenge has

never been greater, a combination of tightening constraints on available

resources and the accelerating pace of technical innovation has created a

climate of exceptionally hard choices for researchers and policy makers

alike. Complicating the task of setting research directions is that major

objectives of the future may depend on much earlier work in creating

the necessary enabling technologies and developing essential capabili-

ties in design and production. The extended lead times from research

to delivered systems that result make critical early and active planning

to (1) establish long-term national technical goals, (2) identify enabling

technologies for which near-term R&D is critical, (3) determine research

agendas to meet these needs, and (4) prepare for support of initiatives

in selected directions. It is no longer feasible to engage in reactionary or

incremental strategies to R&D planning if the U.S. is to sustain domi-

nance in future high technology. Only long-term planning cycles begun

now will ensure a strong U.S. position in strategic technologies decades

hence.

This report captures the �ndings of an historical meeting of key tech-

nical leaders in high-performance computing convened to set the trajec-

tory of technology investment and innovation over the next two decades

to a target of sustainable PetaFLOPS performance capability. No goal

envisioned will be more challenging, demand greater coordination and

collaboration among all sectors of the high-performance computing com-

munity, or more strongly promote ultimate U.S. leadership in all facets

of computing into the next century.

1.1 Overview

The Workshop on Enabling Technologies for Peta(FL)OPS Computing

was held on February 22 through 24, 1994 at the DoubleTree Hotel
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in Pasadena, California. More than 60 experts in all aspects of high-

performance computing technology met to establish the basis for con-

sidering future research initiatives that will lead to U.S. preeminence in

development, production, and application of PetaFLOPS scaled com-

puting systems. The objectives of the workshop were to

1. Identify applications requiring PetaFLOPS performance and determine

their resource demands.

2. Determine the scope of the technical challenge to achieving e�ective

PetaFLOPS computing.

3. Identify critical enabling technologies that can lead to PetaFLOPS com-

puting capability.

4. Establish key research issues.

5. Recommend elements of a near-term research agenda.

The workshop focused on four major and interrelated topic areas:

� Applications and Algorithms

� Device Technology

� Architecture

� Software Technology.

Separate working groups were organized for each topic. Representa-

tives from industry, academia, and government provided expertise in all

four disciplines. The mix of talents and base of experience of this group

across the spectrum of issues led to strong cross fertilization of ideas and

interdisciplinary discussions which resulted in important �ndings.

The importance of this workshop to establishing long-term directions

in high-performance computing systems research and development was

emphasized by the strong sponsorship of many Federal agencies. Each

agency has a vested interest in U.S. capability in this �eld and considers

it critical to carrying out its respective mission. The sponsoring agencies

were

� National Aeronautics and Space Agency

� National Science Foundation

� Department of Energy
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� Advanced Research Program Agency

� National Security Agency

� Ballistic Missile Defense Organization.

This report documents the issues addressed and the �ndings resulting

from the three-day meeting in Pasadena. The report is structured for

use by both policy makers and researchers in setting goals and estab-

lishing programs to respond to the challenges of achieving PetaFLOPS

computing. In this report the reader will �nd the following:

1. The complete reports of each of the working groups

2. Summaries of the working group reports

3. The major �ndings of the workshop

4. Analysis and discussion of the �ndings and their implications for the

future of high-performance computing

5. Recommendations and conclusions for near-term directions.

1.2 Objectives

The overriding goal of this workshop was to conduct and disseminate

the �rst comprehensive assessment of the �eld of PetaFLOPS comput-

ing systems and to establish a baseline of understanding with respect to

its opportunities, challenges, and critical elements at this, its inchoate

phase. With a new understanding of this emerging �eld, a second guid-

ing goal was to set near-term directions for further inquiry to re�ne the

knowledge and reduce uncertainty in this �eld. With these goals estab-

lished, the following set of objectives were identi�ed and provided to

guide the workshop agenda and deliberations:

1.2.1 Identify the Applications

Identify applications that require PetaFLOPS performance that are and

will be important to the economic, scienti�c, and societal well-being

of the country. Determine resource requirements demanded by these

problems at the speci�ed scale.
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1.2.2 Determine the Challenge

Determine the scope of the technical challenge to achieving PetaFLOPS

computing capability that is e�cient, readily programmable, of general

applicability, and economically viable. Relate these challenges to the

current state of the art and identify near-term barriers toward progress

in this direction.

1.2.3 Reveal the Enabling Technologies

Identify critical enabling technologies that lead to PetaFLOPS comput-

ing capability. Consider alternative approaches and specify the pacing

technologies that will determine the ultimate realization of this scale of

computing system. For each alternative, indicate the pacing technolo-

gies that currently are not supported at a necessary sustaining level of

funding.

1.2.4 Derive the Research Issues

Establish key issues requiring further research. These issues should

set the boundary between current state-of-the-art and the next regime

intrinsic to achieving the four order-of-magnitude advance. These re-

search issues should be the critical path ideas to the leading potential

approaches.

1.2.5 Set the Research Agenda

Recommend elements of a near-term research agenda. The proposed

research topics should focus on immediate questions contributing to the

uncertainty of understanding and imposing the greatest risk to launch-

ing a major long-term research initiative. Ful�lling such a short-term

research program should allow planners and researchers to project a

long-term research program toward PetaFLOPS computing with con�-

dence, and to justify the investment at the necessary level of funding.

1.3 Approach

The sponsoring agencies, the organizing committee, and the program

committee organized the workshop to emphasize technical deliberations

among a selected group of experts to consider the technical rami�cations

of the challenging goals set before them. An environment was created
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that permitted intense focus time of small groups of individuals wrestling

with complicated issues, con
icting goals, and severe uncertainties. But,

frequent opportunities for interdisciplinary discussions were arranged to

enable the richest possible context for exploring the myriad issues.

Four working groups were established with chair and co-chairs deter-

mined prior to the meeting. These were the

� Applications and Algorithms Working Group

{ Chair { Geo�rey Fox

{ Co-Chair { Rick Stevens

� Device Technology Working Group

{ Chair { Carl Kukkonen

{ Co-Chair { John Ne�

{ Co-Chair { Joe Brewer

{ Co-Chair { Doc Bedard

� Architecture and Systems Working Group

{ Chair { Harold Stone

{ Co-Chair { Thomas Sterling

� Software Technology Working Group

{ Chair { Bert Halstead

{ Co-Chair { Bill Carlson

Each of the working groups was comprised of approximately a

dozen experts from industry, academia, and government represent-

ing experience in the implementation, applications, and research of

high-performance computing systems, and their future requirements as

viewed in the context of the Federal agency missions.

Each working group was directed by the program committee to con-

sider a number of questions as they related to the speci�c topic ar-

eas. While not every question was exactly germane to all the working

group subjects and it was often di�cult or impossible to give precise or

complete responses in light of current knowledge, these questions had a

strong and positive in
uence on focusing the participants on issues that

led to the important �ndings. The questions addressed were

1. What is the state of the art in your area?
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2. What is the level of investment being made ($, work force, facilities)?

3. What is the current focus of advanced work?

4. De�ne key metrics of �gures of merit that measure scale/capability in

your area. In such terms, estimate the current rate of progress.

5. What are the barriers and challenges?

6. List the potential opportunities for signi�cant advances that may over-

come these major barriers and challenges. Include both evolutionary and

revolutionary advances. Indicate primary intermediate accomplishments

that would exemplify progress in those directions.

7. In chart form, please relate �gures of merit to intermediate accomplish-

ments and estimate the most likely rate of progress against calendar

years through the end of the decade.

8. What order-of-magnitude investment in funding, time, and human re-

sources is required to achieve goals assuming favorable outcome of ex-

perimental work?

The workshop met in a series of plenary and working sessions. The

former (�ve) questions were intended to force sharing of evolving think-

ing across working groups. The latter were to provide the concentrated

time for deep examination issues of the independent groups. Often, these

split into splinter groups to work separately on speci�c core or critical

path issues.

Prior to the workshop each working group formulated its respective

position on the state of the art in its �eld and the key problems as cur-

rently perceived. At the �rst plenary session, the chairs of each working

group presented these position statements to the entire workshop to es-

tablish a shared context. Also, at the inaugural meeting Seymour Cray

and Konstantin Likharev each gave a presentation to set the tone of

the workshop and to initiate the debate that was to continue for the

remaining three days.

At the conclusion of the workshop, each working group presented its

closing positions and identi�ed questions left unresolved. Contributors

worked together to write the �nal report for each working group. These

reports are included in Part II of this report. Also, the program com-

mittee worked to identify cross-cut issues and �ndings and to synthesize

them into a single coherent structure. These are presented in Part III

of the report.
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1.4 Background

The goal of achieving sustained TeraFLOPS computing by the end of

the decade is the focus of the Federal HPCC program. While many chal-

lenges to realizing e�cient and cost-e�ective systems and techniques still

exist, the general approach has been prescribed. For example, it is clear

that in this time frame, ensembles of between 1,000 to 10,000 superscalar

microprocessors will be implemented to deliver peak performance at the

TeraFLOPS scale. Software methodologies to support massively par-

allel processing systems are still in advanced development, but general

approaches are well founded although important details have yet to be

worked out. The HPC community can anticipate that, given continued

investment in the necessary R&D, the HPCC program will achieve its

performance goals in the allotted time.

Given the progress of the HPCC program toward its goal, it is time

for industry, academia, and government to begin addressing the more

daunting challenge of positioning future long-term research programs

to develop enabling technologies for PetaFLOPS computing systems.

The HPCC program was enacted to con�rm U.S. competitiveness in

the world's high technology market place; to sustain preeminence will

demand that the U.S. HPC community move aggressively beyond the

TeraFLOPS milestone to tackle the staggering goal of realizing and har-

nessing PetaFLOPS capability.

The achievement of GigaFLOPS performance demanded a paradigm

shift from previous conventional computing methods in architecture,

technology, and software. Vector processing, integrated high-speed de-

vices, vectorizing languages and compilers, and dense packaging tech-

niques were incorporated into a single supercomputer model culminat-

ing in such a tour de force as the C-90. Similarly, the achievement of

TeraFLOPS performance, which the community is actively pursuing,

is demanding a second paradigm shift exploiting VLSI technology, mas-

sively parallel processing architectures, as well as messaging-passing and

data-parallel programming models. The �rst of these advances (vector

processing) came from industry with support from government in their

application by research and applied industrial concerns. The second

of these advances (Massively Parallel Processing) is requiring a much

larger cooperative initiative harnessing the capabilities and talents of

all elements of the HPC community. The �rst advance occurred largely
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spontaneously from the creativity and initiative of the community; the

second required years of planning prior.

Drawing upon this history to anticipate the nature of the challenge im-

posed by goals of e�ective PetaFLOPS computation, it can be assumed

that the next revolutionary step from TeraFLOPS to PetaFLOPS capa-

bility will be achieved only through yet another multifaceted paradigm

shift in architecture, technology, and software methods. Concepts and

capabilities not usually associated with mainline HPC community may

prove key to the new paradigm. Further, the cooperation and integra-

tion of our national resources, even beyond that exempli�ed throughout

the HPCC program, will be critical to success. Coordination and di-

rection of research toward these goals will require substantial planning

drawing upon expertise and insights of professionals from all parts of the

high-performance computing community. Even as the HPCC program

is underway, initial planning for the next step must be undertaken so

that upon successful conclusion of the HPCC program the government

will be prepared to maintain the momentum and redirect it toward the

follow-on goals.

Early recognition of the importance of this issue has come from the

NASA Administrator. At his request, a panel was convened to consider

the domain of issues expected to signi�cantly impact progress toward

PetaFLOPS computing systems. The Supercomputing Special Initia-

tive Team included key personnel from NASA Headquarters and HPCC

centers to, \evaluate whether the U.S. high-performance computing com-

munity is aggressively supporting NASA's existing and future comput-

ing requirements," with the objective of recommending, \program or

policy changes to better support NASA's [high-performance computing]

interests." The panel explored NASA HPC requirements over the next

decade, examined current government supported e�orts in HPC, eval-

uated e�orts by the U.S. supercomputing industry and those overseas,

and formulated recommendations to the NASA Administrator.

The NASA Supercomputing Special Initiative Team concluded that

NASA mission requirements will demand PetaFLOPS capability, but

there are major barriers to achieving it. The team also observed that

NASA alone could not exert su�cient in
uence on developments in many

of the areas that may contribute to the elimination of these barriers. The

team recommended that NASA join with other agencies to sponsor ar-

chitectural studies of PetaFLOPS computing systems. Cooperation of
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this type would ensure that mission requirements of all Federal agen-

cies a�ect the priorities of technology development initiatives toward a

PetaFLOPS capability.

This report discusses an important �rst step in ful�lling the recom-

mendations of the NASA Supercomputing Special Initiative Team to

the NASA Administrator. At the �rst annual comprehensive review of

the NASA HPCC Program, it was determined that in cooperation with

other agencies NASA should sponsor in the near future a focused in-

depth workshop on enabling technologies for PetaFLOPS computing.

The purpose of such a workshop would be to determine research direc-

tions critical to achieving a PetaFLOPS capability. While this general

topic has been considered in other forums such as the Purdue Workshop

on Grand Challenges in Computer Architecture for Support of High

Performance Computing, it has not been addressed from a perspective

that includes Federal agency mission requirements, nor from a view to

initiating near-term research programs. Results from the Purdue work-

shop and various conference panels were �rst steps in this direction but

have not yielded su�cient detailed �ndings to provide speci�c research

direction. It is important to note that with TeraFLOPS capability still

a major scienti�c and engineering challenge, there was a danger of a

PetaFLOPS workshop appearing super
uous to the community. There-

fore, it would be crucial that objectives and methodology be well de�ned

so that the workshop could garner the respect of the NASA and HPC

communities by providing the �rst detailed examination of the issues

relevant to achieving PetaFLOPS computing.

In determining the scope of the challenge, the workshop was to de-

lineate clearly the limitations of conventional and expected near-term

approaches to implementing and applying PetaFLOPS-scaled systems.

A number of exotic technologies, architectures, and methodologies have

been pursued in academia and industry. These laboratory explorations

must be examined for their potential in achieving PetaFLOPS capa-

bility. Most promising avenues of pursuit should be characterized in

terms of the pivotal technical issues restraining their advance to de-

termine dominant research questions in the �eld. From this evolved

perspective, the workshop would provide a general long-term approach

to research in PetaFLOPS computing, including alternative paths to be

considered and their interplay with world-wide integrated information

and computing resources. Finally, the workshop would deliver speci�c



10 Chapter 1

and detailed recommendations for immediate actions in sponsoring new

research initiatives with the primary intent of dramatically narrowing

the uncertainty in this �eld.

1.5 Issues

While a myriad of issues present themselves as relevant to the broad

question of PetaFLOPS computing systems, four major areas were iden-

ti�ed as having been of critical importance to past generational changes

in high-performance computing. These areas are

� Device Technology

� System Architecture

� Programming Models and Software Technology

� Applications and Algorithms.

Device technology determines the maximum clock rate of a comput-

ing system and the density of its component packaging. Conventionally,

semiconductor technology has provided the basis for many of the impor-

tant advances over the preceding two decades, but important alternatives

are available that may enable signi�cant performance advances. Among

these alternatives are optical devices and superconducting devices. Op-

tical devices provide alternative approaches to communications, stor-

age, and processing with important advantages over their semiconductor

counterparts in each case. Josephson-Junction superconducting devices

have been explored as a basis for computing systems for over a decade

and have been shown to yield substantial performance advantage com-

pared to conventional semiconductor devices. Other exotic technologies

may merit consideration also. Beyond the device material physics, the

form of the basic computing elements may be subject to change. The

conventional use of Boolean gates may need rethinking. Hybrids of dig-

ital and analog processing devices may provide signi�cant potential for

speedup. Technologies that permit much denser packing or higher in-

terconnectivity, such as those proposed for neural nets, might enable a

scale of parallelism unprecedented in today's system framework.

While useful for establishing a baseline, the approach of harnessing o�-

the-shelf workstation processors in large highly interconnected ensembles
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is unlikely to move the performance curve to PetaFLOPS levels, with the

exception of special but possibly important large widely distributed het-

erogeneous applications in science, engineering, and information man-

agement. The issues of latency, overhead, and load balancing that are

already proving to be major challenges in achieving TeraFLOPS-scale

computing with MPPs will dominate systems where the speed-of-light

distance of one clock cycle will be a fraction of a Wafer Scale Integration

(WSI) die. The underlying model of computation re
ected by both the

system architecture and the programming model may involve serious

alteration or even replacement as ease-of-use issues for managing these

highly complex systems dominate e�ectiveness. Much functionality cur-

rently found in software will migrate to hardware as runtime information

becomes critical for optimizing scheduling and data migration. Assum-

ing that parallelism exploitation will be key to success of PetaFLOPS

execution, management of �ne-grain tasks and synchronization will fur-

ther encourage hardware realization of new support mechanisms. Many

advanced concepts in parallel architecture have been studied but have

failed to compete on an economic basis with conventional incremental

advances. A close examination of the underlying concepts of the best of

these architecture models will reveal new directions that may dominate

system structures for PetaFLOPS class platforms.

The early experience with massively parallel processing is revealing the

importance of the interface between the user and the high-performance

computing system on which the application is performed. Many di�-

culties are being encountered that show the need for improved tools to

assist in achieving program correctness and performance optimization.

Much of the di�culty results from the incremental approach program-

mers have taken from uniprocessor programmingmethodologies to paral-

lel programming techniques. Message-passing methods are yielding only

slowly to data-parallel programming techniques and these are not likely

in and of themselves to fully satisfy the needs of all Grand Challenge

problems. Fundamental problems still exist in this highly complex rela-

tionship and these must be highlighted. Research in alternative meth-

ods has been pursued but little of it has found its way into day-to-day

scienti�c computing. But, these advanced concepts may prove essen-

tial for organizing computation on systems logically ten-thousand times

larger than today's most substantial systems. Object-oriented, message-

driven, and functional programming models may be required in a single
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framework to manage complexity and master scalable correctness.

PetaFLOPS computing systems are only justi�ed if problems of ma-

jor importance can be identi�ed requiring such capabilities. Even as

the HPCC program works toward the goal of usable TeraFLOPS, it

is becoming apparent that many problems of engineering and scienti�c

importance will require performance and storage capacity in excess of

that anticipated for the TeraFLOPS machines. In speculating on such

problems, the balance of resources as they scale through �ve orders of

magnitude must be understood for real problems. For example, commu-

nication requirements can be anticipated to scale nonlinearly for inter-

processor and I/O needs for some problems. But the degree of change

is poorly understood. Is it possible that a PetaFLOPS system will be

largely an I/O hub? Or instead of memory intensive, will interprocessor

communication be the dominant resource investment? Without direc-

tion from application program scaling evaluation, the entire organization

of PetaFLOPS computer systems will be in doubt.

By focusing on these four areas, the workshop worked to provide the

basis for understanding the challenges, opportunities, and approaches to

achieving and e�ectively using PetaFLOPS performance. These areas

are not orthogonal to each other, but rather are mutually supportive.

Each contributes to the context of the others. Each provides constraints

on the others. And each may supply some of the solutions to problems

presented by the others. It was the task of the workshop to untangle

these relationships in the regime of PetaFLOPS operation and establish

new directions that re
ect the insights gained from such an evaluation.

1.6 Report Organization

It is anticipated that the readership for this report will be diverse with

varying purposes and needs. The structure of this report re
ects the

implied set of distinct requirements and is designed to serve the needs

of its potentially broad audience. For this reason, it includes in-depth

technical reports, overview and summary presentations, and analysis

discussions that synthesize the results and o�er possible implications.

For purposes of future planning, some recommendations are included as

well with the focus on re�ning the �ndings of the workshop and reducing

some of the remaining uncertainties.



Introduction 13

Part I describes the workshop in terms of its motivation, objectives,

approach, and organization. It sets the tone for the rest of the report

and should be of interest to all readers. Part II provides the four de-

tailed technical reports from the working groups. These are the sources

of in-depth information and will be of interest to those seeking in-depth

coverage of the topic areas. Part II also includes a summary chapter

brie
y presenting the highlights of each of the working group reports

and should be of use to those desiring a quick exposure to the work of

the groups without the need to delve into the reports themselves. The

summary chapter also is useful as a preview of the working group reports

and helps to establish the information framework into which the more

detailed discussions �t. Part III presents a synthesis of the workshop

�ndings and an analysis of the major issues exposed. Their implications

for the ultimate feasibility and e�ective utility of PetaFLOPS computing

systems are delineated and possible early actions are suggested. Separate

chapters for major �ndings, issues and implications, and recommenda-

tions are included to make each kind of information easily accessible.

The report includes contributions from many colleagues. These take

the form of ideas and assessments represented within the report as well

as actual sections of text incorporated directly. It would be impossible

to name each contribution or give due credit on a case by case basis.

But it would have been impossible to produce such a substantive and

forward-looking technical report without the signi�cant e�orts and the

high quality of contributions provided by all involved. The editors wish

to express their recognition and appreciation to everyone involved. The

reader should be aware that this is a rare work of collaboration, un-

matched in recent years by our community.
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Seymour Cray

Cray Computer Corporation

I understand we could characterize our group today as a constructive

lunatic fringe group. I would like to start o� presenting what I think

is today's reality, but then I'll move into the lunatic area a little later.

I would like to give you three impressions today. The �rst one is my

view of where we are today in terms of scienti�c computer technology.

The second one is, what's the rate of progress that we, Cray Computer

Corporation, are making incrementally? By incrementally I mean in a

few years. And thirdly, I'd like to speculate on what I would do if I were

going to take a really radical approach to a revolutionary step such as

we are talking about in this workshop.

What I want to do is talk about the things I know myself, and I think

we are representative of where other companies are as well. In order

to have some real numbers to be speci�c, I'll talk about my own work

for a few minutes. The CRAY 4 computer is a current e�ort and we

should complete the machine this year. We should look at the number

of GigaFLOPS|and this is where I'd like to start|and at what they

cost in today's prices. I would like to separate the memory issue for just

a moment from the processors because they are somewhat di�erent. If I

do that, then the cost per GigaFLOPS in a CRAY 4 is $80,000. Now, I

look at the incremental progress and project it four years, and I use four

years because that's the kind of step we do in building machines: two

years is too fast, but four years is about right. So if I use four years as

my increment of time, and I ask what do we expect to do in that time,

this gives us a rate of change. I see a factor of four every four years

and I have every reason to believe that in the next four years we can

continue at that rate. Whether we can continue at that rate forever, I

don't know, but it is a rate that has some history and some credibility.

If I look forward four years, we are going to have a conventional vector

machine with about $20,000 per GigaFLOPS, for the processor.

What does it cost per TeraFLOPS? We are talking $20,000,000. Now

we have to add memory. One of the rules of thumb we have in vector
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processing is for every GigaFLOPS in processor you need a gigaword per

second bandwidth to a common memory, and this makes the memory

expensive. It's the bandwidth more than memory size that actually

determines the cost. The memory cost varies somewhat from aminimum

of about the cost of the processors to twice the cost of the processors. So

if I pick a number, in between or 1 1/2 times that for a very big system,

we would �nd we would have a TeraFLOPS conventional vector machine

in four years for around $50,000,000. I think that's reality without any

special e�ort apart from normal competition in the business.

I'd like to look at the other end of the spectrum because I have been

involved in that recently. By the other end of the spectrum, I mean a step

from a cost of $80,000 or $20,000 per processor to the other extreme end,

about $6 per processor. That, in fact, is another machine we are building

at Cray Computer. If we look at SIMD bit-processing, that is the other

end of the spectrum, so to speak. Of course, the purpose of building this

is not to do GigaFLOPS, TeraFLOPS, or PetaFLOPS but to do image

processing, but never mind that for a moment. I want to come up with

a cost �gure here. What we are building is a 2,000,000-processor SIMD

machine and it will cost around $12,000,000 to build. We are planning

to make a 32,000,000-processor system in four years, and that will have

a peta-operation per second. My point is, if you program bit processors

to do 
oating point, which may not be the most e�cient thing in the

world, you still come up with a machine that can do around TeraFLOPS

in four years. Whether you take a very large processor or a very small

processor, either way we come up with about a TeraFLOPS and about

$50,000,000 in four years. I suspect, although I don't really know, that

if we try various kinds of processor speeds in between, we're going be

somewhere in the same ballpark. So my conclusion is that in four years

we could have a TeraFLOPS and it ought to cost about $50,000,000 and

the price ought to drop pretty fast thereafter.

So, how do we get another factor of a thousand? Well if we are able to

maintain our current incremental rate, it will take 20 years. Now that

might be too slow I don't know what our goals are in this exercise. I

suspect it might take 20 years anyway, but if we'd like to have both belt

and suspenders, we could try a revolutionary approach and so I have a

favorite one that I would like to propose. It's probably di�erent from

everyone else's.

I think in order to get to a PetaFLOPS within a reasonable period of
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time, or 10 years, we have to somehow reduce the size of our components

(see, I am really a device person) from the micron size to the nanometer

size. I don't think we can really build a machine that �lls room after

room after room and costs an equivalent numbers of dollars. We have to

make something roughly the size of present machines, but with a thou-

sand times the components. And, if I understand my physics right, that

means we need to be in the nanometer range instead of the micrometer

range. Well, that's hard, but there are a lot of exciting things happen-

ing in the nanometer-size range right now. During the past year, I have

read a number of articles that make my jaw drop. They aren't from our

community. They are from the molecular biology community, and I can

imagine two ways of riding the coat tails of a much bigger revolution than

we have. One way would be to attempt to make computing elements out

of biological devices. Now, I'm not very comfortable with that because

I am one and I feel threatened. I prefer the second course, which is to

use biological devices to manufacture non-biological devices: to manu-

facture only the things that are more familiar to us and are more stable,

in the sense that we understand them better. What evidence do we have

that this is possible? Two areas really have impressed me, again, almost

all during the past year. The rates of understanding in the nanometer

world are just astounding. I don't know how many of you are following

this area, but I have been attempting to read abstracts of papers, and

some of them are just mind-boggling. Let me just digress for a moment

with the understanding of the nanometer world as I perceive it with my

super�cial knowledge from reading abstracts.

First, I once thought of a cell as sort of a chemical engineer's creation.

It was a bag �lled with 
uid, mostly water, with proteins 
oating around

inside doing goodness knows what. Well, my perception in the past

year has certainly changed because I understand now they're not full

of water at all. And if we look inside, as we are beginning to do with

tools that are equally mind-boggling, we see that we have a whole lot of

protein factories scattered around, hundreds and thousands of them in

a single cell, with a smaller number of power plants scattered around,

and a transportation system that interconnects all of these things with

railroad tracks. Now, in case any of you think I'm on drugs, I brought

some documentation. You can read these government-sponsored reports,

which you have to believe are real, because it's our tax dollars that pay

for this. But I'm coming to the part that's most interesting to me.
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Using laser tweezers, which has been the big breakthrough in seeing

what's going on in the nanometer world, human researchers have been

able to take a section of the railroad track of the cell, put it on a glass

slide, and lo and behold there's a train running on it with a locomotive

and four cars. We can measure the speed and we did. The track is not

smooth. It has indents in it every 8 nanometers. It's a cog railroad.

When we measure the locomotive speed, we see it isn't smooth. The

locomotive moves in little 8 nanometer jerks. When it does, it burns

one unit of power from the power plant, which is an ATP molecule. So

it burns one molecule and it moves one step. Well, how fast does it do

this? It does it every few milliseconds. In other words, the locomotive

moves many times its own length in a second. This is a fast locomotive.

I am obviously impressed with the mechanical nature of what we are

learning about in the large molecule world.

What evidence is there that we could get anything to make a non-

biological device? Or, to come right to the point, how do we train

bacteria to make transistors? Well I don't know how to do that right

now, but last spring there was a very interesting experiment in cell

replicating of copper wire. It's a nano-tube built with a whole row

of copper atoms. The purpose of the experiment was not to make a

computer, it was to penetrate the wall of the cell and measure their

potentials inside without upsetting the cell's activity. These people are in

a di�erent area of concern here. But, if indeed we can make copper wire

that grows itself, and this copper wire was three nanometers in diameter

insulated and if we can do that today, isn't it conceivable that we can

create bacteria that make something more complicated tomorrow?

So, what course of action might we take to explore nanometer devices

that are self-replicating. It seems to me we have to have some cross-

fertilization among government agencies here. There are people doing

very worthwhile research in the sense of �nding the causes and cures for

diseases, and more power to them, keep going. But maybe we can fund

some research more directed toward making non-biological devices using

the same nanometer mechanisms. So, that's my radical proposal for how

we might proceed. I don't really know what kind of cross-fertilization

we can get in this area, or whether any of you think this is a worthwhile

idea, but it's going to be interesting for me to hear your proposals on

how we get a factor of a thousand in a quick period and this is just one

idea. I thank you and am ready to hear your ideas.
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Invited talk given at PetaFLOPS Workshop Pasadena, CA, January

1994

SUPERFAST COMPUTATION USING SUPERCONDUCTOR

CIRCUITS

Konstantin K. Likharev

State University of New York, Stony Brook, NY

I am grateful to the organizers of this very interesting meeting for invit-

ing me here to speak at this plenary session. I am happy to do that,

mostly because I honestly believe that what is happening right now in

digital superconductor electronics is a real revolution which deserves the

attention of a wide audience. Before I start I should mention my major

collaborators at SUNY (M. Bhushan, P. Bunyk, J. Lin, J. Lukens, A.

Oliva, S. Polonsky, D. Schneider, P. Shevchenko, V. Semenov, and D.

Zinoviev), as well as the organizations with which we are collaborat-

ing (HYPRES, IBM, NIST, Tektronix, and Westinghouse), and also the

support of our work at SUNY by DoD's University Research Initiative,

IBM, and Tektronix. I should also draw your attention to a couple of

available reviews of this �eld [Likharev:93a,94a].

Arnold Silver, who in fact was one of the founding fathers of the �eld,

already gave you some of its 
avor, but I believe I should nevertheless

repeat some key points. As Table 2.1 shows, superconductor integrated

circuits o�er several unparalleled advantages over semiconductor tran-

sistor circuits. (There are serious problems, too, but I will discuss them

later). The advantages, surprisingly enough, start not with active ele-

ments. As Steven Pei mentioned earlier today, the real speed of semi-

conductor VLSI circuits has almost nothing to do with the speed of the

transistors employed. It is limited mostly by charging of capacitances of

interconnects through output resistances of the transistors. Supercon-

ductors have the unique capability to transfer signals (including picosec-

ond waveforms) not in a di�usive way like the RC-type charging, but

ballistically with a speed approaching that of light. (When you listen

to a talk on opto-electronics like the one earlier today, always remem-

ber that it is not necessary to have light if what you need is just the

speed of light.) In order to achieve the ballistic transfer in superconduc-

tors, it is su�cient to use a simple passive microstrip transmission line,

with the thin �lm strip a few tenths of a micron over a superconducting

ground plane. Because of this small distance, the electromagnetic �eld is
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Table 2.1
Superconductor Digital Circuits

Superconducting Transmission Lines

{ ballistic transfer of picosecond waveforms

{ small crosstalk

Josephson Junctions

{ picosecond waveform generation

{ impedence matching to transmission lines

{ low dissipation (!high density)
!(high speed)

Fabrication Technology

{ very simple (low-Tc)

well localized within the gap, so that the crosstalk between neighboring

transmission lines, parallel or crossing, is very small.

In order to generate picosecond waveforms, we need appropriate gen-

erators, and for that Josephson junctions (weak contacts between su-

perconductors) are very convenient. One other good thing about the

Josephson junctions is that their impedance can be matched with that

of the microstrip lines. This means that the picosecond signal can be in

fact injected into the transmission line for ballistic propagation. Finally,

superconductor circuits work with very small signals, typically of the

order of one millivolt. Therefore, even with the impedance matching,

the power dissipation remains low (I will show you some �gures later

on). Because of this small power dissipation, you can pack devices very

close to each other on a chip, and locate chips very close together. This

factor again reduces the propagation delays, and increases speed.

Finally, one more advantage: superconductor fabrication technology is

extremely simple (if we are speaking about low-Tc superconductors). It

is considerably simpler than silicon CMOS technology and much simpler

than the gallium arsenide technologies. At SUNY, we are fabricating su-

perconductor integrated circuits. With our facilities we would certainly

not be able to run, say, a CMOS process. From \semiconductor peoples"
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Table 2.2

Latching RSFQ

Circuits Circuits

Data Presentation voltage Magnetic Flux

Natural Quantization no yes (�0 = h=2e)

Power Consumption � 3 pcW=gate � 0:3 pcW=gate

Power Supply AC DC

SC Wiring Layer 3 2

Self-time Possible no yes

Maximum Speed � 3GHz � 300GHz

point of view, all we are doing is simply several levels of metallization

on the intact silicon substrate. Typically, there are three to four layers

of niobium, one layer of a resistive �lm, and two to three layers of insu-

lation (Josephson junctions are formed by thin aluminum oxide barriers

between two niobium �lms). Several niobium foundries in this country

are available to fabricate such circuits for you.

What has been going on in this �eld and what is going on now? You

probably have heard about the large-scale IBM project and the Japanese

project, with a goal to develop a superfast computer using Josephson

junctions. Unfortunately, both projects were based on the so-called

latching circuits where two DC voltage levels, low and high, were used to

present binary information, just as in semiconductors. The left column

of Table 2.2 lists major features of the latching circuits. Unfortunately,

their maximum clock frequency was only slightly higher than 1 GHz,

and theoretical estimates show that it can hardly go higher than about

3 GHz. In my view, this is too slow to compete with semiconductors,

because you should compensate the necessity of low-temperature oper-

ation.

Is there any other opportunity? Yes, there is one. In superconductors,

there is one basic property that we can use for computing. Namely, the

magnetic 
ux through any superconducting loop is quantized: it can

only equal an integer number of the fundamental unit �0 = h=2e. Of
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course it is natural to use this number for coding digital data. Thus, any

superconductor ring is quite su�cient for the storage of digital informa-

tion. But for switching, e.g., for writing the information in or reading it

out, we need some device for the rapid transfer of the 
ux in or out of

the loop. In our circuits, we do it by inserting a weak link, the Josephson

junction, into the loop. When one 
ux quantum �0 enters or leaves the

loop, a picosecond pulse with the area

V (t)dt = �2
0mV � ps (2.0.1)

is generated across the junction according to Faraday's law. This

\Single-Flux-Quantum" (SFQ) pulse can, in turn, be used to switch

other similar circuits. Thus, if you abandon information coding by volt-

age levels, but use magnetic 
ux for this purpose, you can do everything

very fast.

The right column in Table 2.2 shows you what we can do using such

an approach. We call it RSFQ, which stands for Rapid Single-Flux-

Quantum circuits. I believe this table is self-explanatory. We use mag-

netic 
ux. Power consumption goes down. But of course you should

concentrate on the last line showing speed. It is not pure theory. This

�gure (300 GHz) comes from experiments, complemented by a little bit

of extrapolation to slightly better design rules.

We suggested the RSFQ approach as a whole in 1985. Of course,

it was based on a lot of previous work, in particular on some of our

preliminary work in the mid-70s, some ideas of Arnold Silver and his

group (then at the Aerospace Corporation) in the late 1970s, and some

Japanese ideas (especially from the Tohoku University group). But the

real development of the RSFQ circuits started only in 1985, and only

since 1991 has been going really fast. I do not have enough time to show

you all the developed circuitry, so that I will just give you an idea of

how these circuits are working.

In the simple circuits for generation of the SFQ pulses in which we

are using Josephson junctions, information coded in the usual way (by

voltage/current levels) arrives at its input, and an SFQ pulse is generated

at its output. A simple logic gate, the invertor, uses just three Josephson

junctions. How complex are other gates? Sometimes a little bit more

complex than those in silicon, sometimes a little bit simpler, but always

comparable in terms of, say, Josephson junction count in comparison

with p � n junction count in CMOS. We have designed another gate
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which is a sort of template|auniversal gate, potentially with four inputs

and six outputs. A slight modi�cation (typically, a truncation) of this

template can give you virtually any basic logic function.

Finally, when you have all your logic done in the form of the magnetic


ux (or, equivalently, the picosecond SFQ pulses), and you feel you are

tired of this superfast processing, you can always transform these SFQ

pulses to DC voltage level output. This voltage can be picked up by a

normal ampli�er. We have demonstrated an extremely simple single-bit

interface between RSFQ circuits and room-temperature semiconductor

electronics at a data rate slightly below one gigabit per second, with the

parts costing less than $20 per channel.

Now, what is the current state of the fabrication technology? Though

the circuit complexity is still not very exciting, the speed is. For ex-

ample, consider a very simple digital circuit that we have designed, just

a frequency divider by two (in other words, a single stage of a binary

counter) which is modi�cation of a device which was �rst conceived by

Arnold Silver. We have implemented it using 1.2-micron, 8 kA=cm2 nio-

bium technology. It is fabricated in the usual university lab for not

very much money, and we have made measurements that prove that this

circuit can divide the frequency of the input SFQ pulse train, for any

frequency from 0 to 510 GHz. To be honest, it is not a completely dig-

ital device. If you fabricated a regular logic gate, say, with two inputs

and two outputs, using this particular technology, the maximum speed

would be around 100 GHz.

We are still not doing so well in the terms of complexity, because we

started our program at SUNY just two years ago. The most complex

circuit which we are testing right now (it was developed by us, but

fabricated by HYPRES, Inc.) has 645 Josephson junctions and about

1,000 resistors. Clearly, this is still not very large-scale integration. We

have, however, an ambitious two-year plan. Each year we are going to

increase the integration scale by a factor of 10.

Now let me just summarize what we have. Table 2.3 shows the per-

formance you can get at a typical computation task, multiplication of

two 32-bit operands as fast as possible. If you do it in the silicon tech-

nology with one micron minimum feature size, you would need about

100,000 transistors to do the job (in a bit-parallel-pipelined structure to

provide the maximum speed). You would get a not very spectacular la-

tency, but relatively high throughput. If you do the same task using the
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old (latching) Josephson logic, you could have approximately the same

circuit complexity, and do it about seven times faster. I don't believe

this advantage is very big. But with this new superconductor electron-

ics (RSFQ) you can, for one thing, accomplish the task with approxi-

mately the same speed (several times faster than silicon) by an extremely

simple bit-serial circuit. This circuit, comprising only 1,500 Josephson

junctions, will crunch the numbers bit by bit with this enormous clock

frequency which is available on chip. This is the circuit complexity that

we may achieve as soon as later this year. Alternatively, you could use

the same RSFQ technology to do the same computation with all the bits

processed in parallel. That would mean that the complexity of the chip

would be much higher, almost the same as in silicon, but look at this

throughput (100 GigaFLOPS for a single processor)! In comparison with

silicon, I believe, we have at least 2.5 orders of magnitude advantage in

speed.

The simple table (Table 2.4), which I have prepared for this work-

shop, may be even more interesting. Right now when we are using a

niobium foundry with a relatively old 3-mm technology for circuit fab-

rication, we can do calculations at clock frequency of about 30 GHz

(which would give us almost 30 GigaFLOPS if we do them in parallel),

with very low power (3� 10�2 Watt per processor). Now we at SUNY

are in transition to our new 1.25-mm technology, where we hopefully

will eventually be able to have about 100 GigaFLOPS per processor,

with power consumption about 0.1 Watts. Finally, when eventually we

use, for example, a 0.35-mmprocess (it will already be a rather complex

technology, certainly not of the university caliber, but not much more

complex than what the silicon people are doing right now), we would

approach the natural limitation of speed of niobium RSFQ circuits at

the level 300 GHz. Then the power dissipation would be close to the

maximum which you can a�ord in liquid helium. (Unfortunately, at

4:2K you cannot remove 30 Watts of power from a square centimeter of

the chip surface, as you do routinely at 300K. If you do nothing special,

just put your chip into liquid helium, you can generate only about 0.3

Watts without substantial overheating. Probably better helium cooling

systems could be developed, but nobody has worked on that problem

much, to my knowledge).

Now, even if we concentrate at the second (1-mm) level of the tech-

nology, rather simple from the point of view of the silicon people, we
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Table 2.3
32� 32-bit multipliers based on various digital circuit technologies

Circuit Type Design Integration Scale Throughput Latency

Fabrication Rules (103 Josephson or (109 Generation (ns)

Technology (�m) p� n junctions) per second)

parallel-

pipelined; 1.0 200 0.2 150

SC-MOS

parallel;

JJ latching 1.0 70 1.5 1

Serial;

JJ RSFQ 1.0 1.5 1.5 1

Parallel-

pipelined 1.0 40 100 1

JJ RSFQ

Table 2.4
RSFQ: Expected Performance

Technology Speed, GHz Power

per GFLOPS per Processor

Old (3�m) 30 3� 10�2

New (1�m) 100 10�1

Prospective (0:35�m) 300 3� 10�1

For a PetaFLOPS machine (@1�m)

� 104 processors �0:1 W each �= 1 kW
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are talking about something like 100 GigaFLOPS per processor. Hence,

you would need only some 10,000 processors to reach 1 PetaFLOPS.

The total dissipated power would be about 1 kilowatt. Of course, mem-

ory would add something to this estimate. But remember that simple

storage of information in this technology does not require power; dis-

sipation is only involved in read/write operations. So I do not believe

that memory would add much to our estimate|probably a factor of two

or three.

Of course, you should remember that this (1 kW) is the �gure for

dissipation in liquid helium. If you are speaking about the total power

consumption at room temperature, you should multiply this number by

at least 300. Fortunately, there is another factor. Of that 1 kilowatt I

have mentioned only some 10 Watts would be dissipated in your Joseph-

son junctions. Right now we use very conservative circuits which are,

crudely speaking, some analog of n-MOS circuits in the silicon technol-

ogy. In these circuits, most power dissipation takes place in resistors

which do not really play any useful role. We are starting to work on a

sort of complementary logic (which should be an analog of CMOS), and

I hope we will be able to reduce this 1 kW to about 30 Watts at 4:2K,

which means that 1 PetaFLOPS will cost us some 10 kW at 300 K,

incomparably less than silicon or any other technology.

Do we have problems? Yes, we certainly do. But as you can see

in Table 2.5, all our problems bear the dollar sign. The �rst problem

is refrigeration. Even if you are using a single superconductor chip, a

present-day closed-cycle cryocooler would cost about 10{20 thousand

dollars. Of course, with introduction to mass applications this �gure

would go down, but nevertheless cooling with liquid helium always make

the simple superconductor circuits more expensive than silicon. This is

why I don't believe that this technology would ever be in PCs or even

workstations. It's something to be reserved for the high-performance

end of computing.

Next, as far as we know, nothing in this technology prevents big mem-

ories. The limitations are essentially the same as in semiconductors. We

are presently testing the �rst RSFQ memory cell, with an area of only

100 lithographic squares (i.e., smaller than semiconductor SRAM cells,

though slightly larger than DRAM cells). Of course, to develop a real

memory, you would need �nancial investment much larger than the one

we are using now for the development of basic logic circuitry.
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Table 2.5
Major Problems of the RFSQ Technology

1. Helium Refrigerations (�$10{20 K/unit)
2. Large Memories (development $$ )

3. Psychology (\$60 M problem")

Finally, I believe there is what you would call a $60,000,000.00problem

of psychology. People are just not accustomed to these ideas. They are

not accustomed to the idea of cooling or to other issues of superfast

computation. For example, our circuits can use what is called the local

self-timing, in particular, the hand-shaking protocol on the single-bit

level. It means that you can use a 
exible combination of synchronous

and asynchronous computation. The asynchronous computation scares

some people to death. This and many other issues should be not only

explored, but also implanted into minds of electronic engineers.

Now, let me show you the last transparency (Table 2.6). It is a fa-

vorable scenario of the future development in this �eld. We see several

small-scale market niches where I believe this technology would win, be-

cause we are far ahead of any competition in performance, and there

are people around willing to pay money for that. One example is the

famous SQUIDs, which are supersensitive magnetometers. People are

using liquid helium to work with these devices now, so they certainly

would be willing to do that when we improve the devices radically us-

ing some on-chip digital processing. Somewhere below the fourth line

of this table I become much less con�dent. First of all, we should still

solve a lot of technical problems. Moreover, somewhere at this point we

may come to the situation where we will need much stronger collabora-

tion with architecture people, with potential users, and we will certainly

need a much larger investment than we have right now if we want this

revolution to continue hopefully all the way down to the PetaFLOPS

future.



Table 2.6
RSFQ Technology: Forthcoming Applications (Favorable
Scenario)

1. A/D Converters

16 bits @ � 100 MHz � 1; 000 JJ 1993{94

2. Digital SQUIDS

10 ft/Hz 1
2 @ � 1010 �

Hz � 1; 500 JJ 1994{95

3. Digital DC voltmeters and potentiometers

30 bits @ 0.15 & 10V � 10; 000 JJ 1994{95

4. Digital signal processors @ intelligent switches

� 3 GFLOPS/proc @ 32 bits � 12; 000 JJ 1995{96

5. Dedicated Coprocessors for Supercomputing

?? 1996{??



3 Summary of Working Group Reports

Part II of this report examines the issues considered from the point

of view of the individual working groups. The reports of each of the

working groups, as written by the participants, are provided the follow-

ing four chapters. These chapters present the original �ndings of each

group and are included so that readers may draw their own conclusions

from the raw data. Because the authorship of these four chapters dif-

fer, style and form vary somewhat. But the underlying themes are the

same: to characterize the state of the art, to identify principal barriers

hindering progress toward PetaFLOPS, to reveal the best approaches

toward this goal, and to propose near-term actions that would further

these objectives. This chapter presents a brief overview of the follow-

ing four chapters and their �ndings. It is o�ered to facilitate gaining a

global perspective of the many complex and interrelated issues prior to

examining the individual reports in more depth. In so doing, it provides

a guide to the remaining chapters of this part of the report.

3.1 Applications

A driving motivation for pursuing PetaFLOPS capability is the wealth

of applications that impose computing demands at that scale and that

are of potential importance to our Nation's economic future. The Ap-

plications Working Group considered two important factors related to

the realization and use of PetaFLOPS computing systems: the class

of problems that would make use of such capability, and the charac-

teristics of the application demands on the computing resources. It

was found that there were many such applications spanning a wide ar-

ray of domains. These fell into the catagories of large-scale simulations,

data-intensive applications, and novel applications. A distinction among

simulation problems for PetaFLOPS computing is those whose problem

size can grow to �ll system capacity and those problems of �xed size

requiring greatly extended simulated time. Data-intensive applications

require storage capacity equalling or exceeding a petabyte even when

PetaFLOPS performance may not be critical. Novel applications are

those not yet identi�ed but which can be anticipated to open entirely

new forms of services for humanity with the advent and availability of

PetaFLOPS computers.
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A number of applications that would bene�t from availability of

PetaFLOPS performance were identi�ed in each of the following ma-

jor areas:

� biology, biochemistry, biomedicine

� chemistry, chemical engineering

� physics

� space science and astronomy

� arti�cial intelligence

� study of climate and weather

� environmental studies

� geophysics and petroleum engineering

� aerospace, mechanical, and manufacturing engineering

� military applications

� business operations

� general societal problems.

These, among others, establish a �rm basis of justi�cation for

PetaFLOPS machines. The need for such computing capacity derives

either from the physical structure of the problem or from the size of the

large datasets. It is noted that the results from this examination are

considered preliminary and should be con�rmed and re�ned by domain-

speci�c expert groups. While all critical applications in the ensuing

decades cannot be predicted, it can be anticipated that they will in-

clude extensions of problems from the areas mentioned above. It is

expected that many such applications will take on an increasingly mul-

tidisciplinary character incorporating models of distinct but interacting

regimes. Also, future applications will commit signi�cant resources to

advanced methods of user interface including scienti�c visualization and

virtual reality which will be enabled by the availability of PetaFLOPS

capable systems.

A number of key characteristics of applications as they relate to archi-

tectures were identi�ed. Among those, the following were particularly

germane:

1. Requirements for PetaFLOPS performance.
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2. Need for new algorithms.

3. Problem size scaling characteristics with respect to performance.

4. Memory requirements.

5. I/O requirements.

6. Mass storage requirements.

7. Locality and latency sensitivity.

8. Operating system support requirements.

9. Special user interface issues.

Among these, the question of required system memory capacity was

among the most urgent because it �xed the time scale in which such ar-

chitectures would become commercially viable. With the Architecture

Working Group, it was determined that, for a wide range of simulation

class applications, memory requirements scale less than linearly with

performance such that a PetaFLOPS system is likely to need no more

than about 30 terabytes of main memory, and probably less. This is not

to say that there will not be problems that will make use of a petabyte

of memory. In some cases, such problems might not even need the

full PetaFLOPS performance capability but rather are memory inten-

sive in nature. A detailed examination of a number of applications was

conducted and the results of each case captured in Section 4.4 of this

report.

In all likelihood, algorithms will have to evolve to make use of the

unprecedented scale of performance, parallelism, and latency that the

use of PetaFLOPS machines will encompass. The scalability of today's

problems to those at the PetaFLOPS level will require advances in the

serial complexity of the algorithm (algorithmic e�ciency) and the paral-

lelization e�ciency. These requirements are often in con
ict. It is antic-

ipated that the hierarchical structure of PetaFLOPS systems' memory

and processor organization will favor algorithms that exhibit hierarchical

abstract structure for synchronization and communication. But hierar-

chical algorithms are di�cult to implement with perfect parallel e�-

ciency. This challenge is compounded by issues of problem size scaling

which do not always return comparable parallelism for increased prob-

lem size. Finally, precision of calculations may need to be increased as

problem size grows. All of these issues require further study before our
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understanding of the impact on applications of PetaFLOPS computing

is de�nitive.

3.2 Device Technology

More than any other single domain, device technology establishes the

opportunities and limitations imposed on the high-performance system

developer. The history of computer architecture is to a signi�cant degree

a sequence of enhancements to instruction set and component organi-

zation architectures in response to advances in device technologies. In

preparing the possible paths toward PetaFLOPS system structures, it is

essential to anticipate future trends and likely characteristics of next gen-

eration technologies. The Device Technology Working Group considered

three technologies most likely to provide the basis for implementation of

PetaFLOPS computing systems: advanced semiconductors, optical de-

vices, and superconducting elements. In each case, current capabilities

and projected evolutionary advances were explored. From these results,

possible roles for each technology in support of PetaFLOPS computers

were identi�ed, providing a foundation and constraint space for new sys-

tem design possibilities. The following summarizes the issues and �nd-

ings of this working group related to each of the technologies considered.

It was found that advanced semiconductor components will provide main

memory and possibly processing logic; superconducting technology may

provide very high-speed processor logic at very low power consumption;

optical technology will provide essential capabilities in high-bandwidth

intermodule interconnect and mass storage.

3.2.1 Semiconductor Technologies

The dominant technology in computer manufacture from personal com-

puters to supercomputers for more than a decade has been VLSI semi-

conductor based on silicon. Continued growth in this technology over

that period has led to orders of magnitude improvement in performance,

device density, and cost. Other semiconductor technologies, in partic-

ular Gallium Arsenide (GaAs), provide alternate operating points than

silicon with di�erent trade-o�s. The Semiconductor Industry Associa-

tion (SIA) has developed a detailed projection of the most likely path for

semiconductor technology evolution up through the year 2007. Recent



Summary of Working Group Reports 33

examination of the dominant issues has resulted in tentative extensions

to the year 2014. These results have proven key to determining viability

of PetaFLOPS computing systems within the next two decades and have

provided the basis for the PetaFLOPS computer architectures proposed

at this workshop.

The state of the art in silicon semiconductor technology employed

currently in delivered commercial computers is dominated by feature

size which is now approaching 0.5microns. Current manufacturing yields

enable processor chips of half a million gates. DRAMs which provide

the bulk of main memory are being delivered with 16 Mbits and SRAMs

used for very high-speed memory and caches have up to 4 Mbits. On-

chip clock speeds have now reached 200 MHz, although DRAM access

times continue to be substantially slower with typical values in the 65

nanosecond range.

The SIA projection shows a steady rate of improvement in most key

parameters out to and beyond 2007. It is estimated that at that time,

feature size will have reached 0.1 microns. This will enable more than

20 million logic gates to be integrated on a single chip. At that time,

DRAM will have a capacity of 16 billion bits and SRAM should be

capable of storing 4 billion bits. Advances in clock speed and logic

performance will not be so dramatic and is not expected to go much

beyond 1 GHz or a clock cycle time of 1 nanosecond. During this time,

logic voltages will shrink down to 1.5 volts. Even so, power consumption

will be an important issue. It is projected that high-performance dies

may experience power requirements of between 40 and 200 Watts, a

signi�cant increase over the 10 to 30 Watt demands of today's high-end

processors.

There had been a serious concern that beyond this point in feature

size, quantum e�ects would begin to dominate and new models would

be required to estimate progress at �ner resolution. However, recent

studies have indicated that current trends will continue to feature sizes

as small as 0.025 microns by the year 2014. However, it is at this level

that semiconductor technology begins to make PetaFLOPS computer

architecture viable.

The potential of GaAs is less understood. Signi�cant advances have

been made in this technology in the last �ve years with commercial high-

end computers being delivered incorporating GaAs integrated circuits.

And new systems employing this technology are being developed. Clocks
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speeds between a factor of 4 and 10 times that practical with silicon are

achievable using GaAs. However device density is measureably less while

costs and manufacturing di�culties are signi�cantly more. It is clear

that this technology is having an impact on high-performance computer

architecture. It is premature to assert that it will become the device

technology of choice in the future.

3.2.2 Optical Technologies

Optical technologies o�er the potential for signi�cantly increased per-

formance with lower power than semiconductor electronics at least for

certain elements of a PetaFLOPS system. This is a consequence of the

fundamental di�erences in the device physics of the two approaches. Un-

like electrons, photons do not interact as they cross paths, resulting in

a number of desirable properties. Although not as mature as semicon-

ductor technology, optics are already having an impact on medium- to

long-range communications and high-density secondary storage. Both

these areas have the potential for signi�cant growth leading to critical

contributions for PetaFLOPS computing. One area for which optics

does not appear to be well suited is in the implementation of logic gates.

Thus, while optical technology may be essential for certain critical com-

ponents, it is most likely to be incorporated in a hybrid architecture

integrating two or more distinct technologies.

Optical communications technology for computer module interconnect

has emphasized medium- to long-distance paths where its performance

bene�ts over conventional wire-based media o�set its current cost dis-

advantages. As bandwidth requirements increase, optical methods will

become favorable for short distances, perhaps even for chip-to-chip in-

terconnect. Optical communication methods exhibit higher bandwidth

capacity by orders-of-magnitude than electrical means and at su�ciently

high data rates impose substantially lower energy penalties. These high

bandwidth and e�ciency advantages are reinforced by optical technol-

ogy's electrical isolation properties, greatly reducing the possibility of

cross-coupling which would otherwise degrade reliability.

There are two primary forms of optical interconnect: guided wave and

free-space. Guided wave optical communication employs �ber optics or

wave guides to direct light signals between two �xed points. Where

line-of-sight paths exist, free-space systems permit high-density space

multiplexed signal packing and the potential for path switching and
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one-to-many broadcast communication.

The state of the art in guided wave optical communication technology

provides 100 megabits per second (Mbps) using light emitting diodes.

Recent advances in laser diode emitters has achieved bandwidths of

2.5 gigabits per second (Gbps). Free space optical interconnects us-

ing symmetric, self-electrooptic e�ect devices have shown the capability

of 150 Mbps. High-density, thousand-channel, free-space \fabric" sys-

tems have been developed producing throughputs of up to 150 Gbps.

Arrays of laser diodes have been fabricated on single semiconductor

dies demonstrating the feasibility of electrooptic interfaces and high-

bandwidth inter-chip optical communication.

It is projected that within 20 years when PetaFLOPS systems will be

feasible, guided wave technology will be capable of providing through-

puts on the order of a million million bits per second or 1 terabit per

second (Tbps). Using vertical-cavity surface emitting laser diodes, free

space methods may reach a capability of 10 million billion bits per second

or 10 petabits per second (Pbps). Not only are these levels of through-

put necessary to support PetaFLOPS scale computation, but the added

advantage of free space interconnect not requiring the potentially mil-

lions of point-to-point wire/�bers to be connected may prove essential

for reliability and economic manufacture.

The other area in which optics is expected to have a major impact

on PetaFLOPS system design is in the area of memory and mass stor-

age. These take the form of planar and 3D technologies. CD-ROMs

and optical tape are the two most common examples of planar optical

storage. The consumer level CD optical storage holds somewhat less

than 1 gigabyte and industrial scale optical disks have capacities of up

to 20 gigabytes. Optical tape systems have capacities of between 50 gi-

gabytes and 1 terabyte. Access is slow with access times measured in

milliseconds for on-line disks and many seconds for tapes and robot-

loaded optical disks.

Still at the research stage, 3D optical storage techniques o�er the

prospect of extroadinary memory capacity and bandwidth at moderate

to high access speeds. Techniques such as photorefractive rods, two-

photon 3D memory, and spectral hole burning are being pursued in the

laboratory. It is projected that within ten years 2-photon holographic

techniques with spectral hole burning and acousto-optic scanners will

provide memory systems on the scale of 10 terabytes with bandwidths
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of one Pbps and access time of a microsecond. Using 2D spatial light

modulation, storage capacity of 10 petabytes may be achievable in 20

years.

3.2.3 Superconducting Technologies

Superconducting device technology o�ers the prospect of clock speeds

one to two orders-of-magnitude faster than competing semiconductor de-

vices and, perhaps more importantly, with power consumption require-

ments one to two orders-of-magnitude lower. These combined features

are both critical to the viability of PetaFLOPS computing and place su-

perconducting components among the key contending technologies con-

sidered by the Device Technology Working Group. Detracting from

the opportunities a�orded by superconductivity are the requirements

for maintaining and interfacing a supercooled environment (currently 4

Kelvins) and minimal ongoing U.S. industrial R&D investment in this

area. The lack of funding is, as usual, a function of market forces. There

is no strong market niche in which superconductive computing devices

are essential, although some exotic sensors do operate in this regime.

Thus, superconductivity is an example of a potentially important en-

abling technology for PetaFLOPS computing that currently does not

bene�t a strong market-driven support base.

Experimental sub-systems employing superconducting technology

have demonstrated feasibility of implementing the primary constituents

for high-performance computing. Logic, memory, and interconnect de-

vices have been fabricated and exhibit superior performance character-

istics compared to their semiconductor counterparts. Logic devices have

been implemented using 2�m lithography permitting VLSI level chips

to be implemented although at an order-of-magnitude lower density than

state-of-the-art semiconductor devices. Gate delays are at a few picosec-

onds permitting a multi-GigaHertz supercomputer processor to be built

today. Power dissipation per gate, even at these very high switching

rates is on the order of microwatts. RAM chips with 4K bits have

been demonstrated with access times of 0.5 nanoseconds. At present,

64K RAM chips are under development, with access times of 0.1 to

0.2 nanoseconds likely in the near future. Superconducting metaliza-

tion makes ideal transmission lines with extremely low cross-coupling

resulting in very low dispersion and loss. Interchip interconnections for

Multi-Chip Modules (MCM) have been designed to support through-
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puts at between 1 and 10 GHz rates. Many of these advances have been

achieved in Japan where a prototype supercomputer processor imple-

mented using superconducting technology is being developed by ETL.

One challenge to the e�ective use of systems incorporating this tech-

nology is its interface to ambient temperature external environments.

Here, the use of free-space optical interconnects may prove most ap-

propriate providing high data rate paths with no corresponding ther-

mal transport medium. A second problem is the relatively low density

of superconducting memory compared to that being realized through

semiconductors. Purely superconductive memory is not expected to sig-

ni�cantly exceed 64K bits although some indications are that this might

be pushed to the megabit per chip level. This is su�cient for registers,

bu�ers, and caches to be used within a superconducting supercomputer.

But a higher density memory technology such as semiconductor must

provide main memory for any such system.

Leveraging existing techniques and advancing fabrication methods

for superconducting devices should enable the development of a 50 Gi-

gaFLOPS superconducting processor within the next �ve years. Such a

machine would operate at a 10 GHz clock rate and comprise a million

gates. Main memory would be semiconductor. Most importantly, the

processor itself would dissipate only one watt of power (not including

main memory). It is believed that further R&D could enhance the clock

speed by another factor of 5 to a 50 GHz rate and reduce the power

dissipation by another order-of-magnitude. Such advances might yield a

one TeraFLOPS processor dissipating approximately four Watts. This is

clearly a candidate for the processing component of a thousand-processor

PetaFLOPS computing system.

3.3 Architecture

Architecture is driven by the demands of application computing require-

ments and enabled by advancing technology. Architecture both struc-

tures and balances resources to deliver functionality and performance.

The Architecture Working Group investigated the largely unexplored

regime of parallel computer architecture at the far reaches of PetaFLOPS

performance. Although orders-of-magnitude beyond contemporary ex-

perience, key issues of technology, parallelism, latency, bandwidth, size,
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and cost were examined to determine potential approaches and their re-

spective feasibility. Surprises and uncertainty characterized the results,

and in the process some popular assumptions were discarded. In the

end, a PetaFLOPS computing system was conceived{but its gestation

is still uncertain, strongly in
uenced by exigencies poorly understood

and even less well controlled. The results of this inquiry reveal a path,

milestones, and decision points that can be used to guide planners and

establish early research directions.

3.3.1 State of the Art

The state of the art in parallel architecture is represented by multipro-

cessors comprised of on the order of a thousand high-end microprocessors

(developed for the workstation market) at clock rates of a 100 MHz or

more with one to four instructions issued per cycle and 32 megabytes

of main memory per processor. Together, these resources are integrated

to form systems with peak performance exceeding 100 GigaFLOPS with

main memory in the tens of gigabytes. Vector architectures with up to

16 very high-speed, large, and highly pipelined processors produce peak

performance above 10 GigaFLOPS using the fastest available semicon-

ductor technology. SIMD architectures employing more than 10,000

�ne-grain processing elements have delivered a few GigaFLOPS perfor-

mance at modest cost.

The cost of the most powerful machines today is in the range of

$50M, including some mass storage and peripherals. Latency manage-

ment techniques applied to parallel architecture include (1) caches, cache

hierarchies, and cache coherence mechanisms; (2) low-latency comput-

ing structures; (3) hardware and software prefetching methods; and (4)

rapid context switching, multithreaded techniques. Resource manage-

ment techniques such as data partitioning and task allocation/scheduling

are done almost entirely in software, with much of it performed by the

application program itself. Fine-grain parallelism is usually exposed by

compile-time analysis and is used for individual processor instruction

scheduling in execution pipelines and superscalar ALUs. Some hard-

ware support for reducing overhead of synchronization, data migration,

and message passing has been incorporated. Generally speaking, these

systems are di�cult to program and optimize.
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3.3.2 Barriers

The barriers to signi�cant performance gains beyond a TeraFLOPS in-

clude many that are readily apparent. Silicon-based microprocessor

clock cycle times range from 40 nanoseconds to 5 nanoseconds. The

fastest clocks using gallium arsenide are between 2 and 3 nanoseconds.

Increasing clock rates so that cycle times will be below 1 nanosecond is

unlikely in the near future because the rate of progress in this area is

relatively slow.

Cost is a dominant obstacle. Brute force methods today would re-

sult in a PetaFLOPS system estimated to cost hundreds of billions of

dollars with reliability problematic and usability anyone's guess. Cost

is dominated by memory requirements that, if consistent with previous

scaling factors, would require a petabyte of main memory. In today's

technology, this would require 100 million components for the memory

alone. More generally, cost is in
uenced heavily by market forces that

determine the types and cost of mass produced devices, both largely

beyond the in
uence of the high-performance computing community.

The diameter of the system measured in clock cycles may be extremely

long by the standards of contemporary parallel computers. Millions

of transactions between processors and memory will be active simul-

taneously, requiring levels of memory bandwidth, latency hiding, and

�ne-grain parallelism well beyond (by orders-of-magnitude) the current

base of experience. Reliability and programming methodologies must

be major considerations because either could result in a system that is

unuseable for practical purposes.

Finally, when planning future directions in computer system design,

projections for enabling technologies are a crucial source of constraints

and guidance. Anticipating trends in underlying technologies is made

more di�cult by the extended time frame under consideration and the

prospect of requiring technologies in the future, now only at their early

stage of development.

3.3.3 Alternatives

The approach taken by the Architecture Working Group was to consider

three classes of architecture which were lineal descendents of the most

promising approaches being pursued today and to determine their via-

bility. If, after close analysis, none were found to promise a likely path
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to PetaFLOPS performance, this would expose the need for more avant

garde approaches perhaps re
ecting a new architecture paradigm. The

three architecture models considered were:

1. Coarse Grain: A low-latency, shared-memory computer employing

hundreds of heavily pipelined processors, each capable of a TeraFLOPS

performance.

2. Medium Grain: A multiprocessor with tens of thousands of

workstation-derived microprocessors, each capable of between 10 and

100 GigaFLOPS performance. This system would probably include a

common global name space so that any processor could address any part

of main memory directly. But, because of the anticipated large diameter

and memory access time, it will require advanced latency management

strategies.

3. Fine Grain: A distributed multiprocessor with CPUs and memory co-

resident on the same chip to expose high levels of memory bandwidth.

Hundreds of thousands of these Processor-In-Memory (PIM) chips would

be required because the performance of each would be between 1 and 10

GigaFLOPS. But, the cost would be much lower because less memory|

by an order-of-magnitude or more|would be installed with respect to

the other two system types. Undoubtedly, this architecture would have a

fragmented address space and o�-chip transactions would be expensive.

These three system types impose distinct demands on resources and

design and provide di�erent characteristics in terms of behavior, e.g., the

same applications probably would not perform optimally on all three of

these systems. But, the Architecture Working Group did consider the

concept of a heterogeneous system made up of one of each of these types

with each providing a large fraction of a PetaFLOPS such that the aggre-

gate peak performance would be equal to a PetaFLOPS. It is expected

that such a heterogeneous system would o�er better performance to cost

than any one of the system types scaled up to a full PetaFLOPS.

3.3.4 Results

As a result of a detailed examination of the issues, technology projec-

tions, and alternative architecture structures, the working group pro-

duced key �ndings that should establish the direction for future research
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leading ultimately to e�ective PetaFLOPS-scale computation. The ma-

jor �ndings were:

1. A PetaFLOPS computer architecture will be feasible in a 20 year time-

frame.

2. No new architecture paradigm is required to achieve PetaFLOPS com-

puting. Highly advanced versions of today's multiprocessor architec-

tures, combined with known techniques, should provide the basis for

PetaFLOPS computing systems.

3. Memory will dominate in determining system size, structure, and cost.

An important �nding is that scienti�c problems employing a PetaFLOPS

system will not, in most cases, require a petabyte of memory, but be-

tween one and two orders-of-magnitude less, thus signi�cantly reducing

the potential size and cost of the system.

4. Memory latency and bandwidth will be the most critical factors deter-

mining e�ective performance and will require a radical departure from

today's typical methods of processor-memory interaction.

5. The driving factor determining the rate of performance evolution is mar-

ket forces. These forces, resulting from mass market computing require-

ments rather than those of high-performance computing, will determine

when the necessary components will be available and their functionality.

6. Although semiconductor technology still will be the source of the major-

ity of components, cryogenic superconducting technology may provide

the processing rates required for the �rst and possibly the second of

the architecture types considered. Also, an important consideration is

power consumption, which is extremely low for superconducting devices.

Optical devices are unlikely to provide high-speed logic but will provide

the bulk of the interprocessor and memory bandwidth. A concern is

that SIA projections do not extend far enough and extrapolations upon

which these conclusions are based are subject to revision.

7. Reliability will be determined largely by parts count and this will be lim-

ited by cost factors. System costs will constrain parts (i.e., chips) count

to a range of between a hundred thousand and a million. This value

is at the high end of today's largest systems but should be manageable

through advanced engineering techniques.



42 Chapter 3

3.3.5 Recommendations

The results of the Architecture Working Group provide a basis for estab-

lishing directions toward PetaFLOPS computing. However, the �ndings

are tentative and predicated on a number of assumptions. Before these

�ndings in
uence signi�cant future investment, they should be re�ned

and validated through further study in the near term. Several short-

term initiatives should be undertaken to resolve the open questions and

address the sources of uncertainty.

Architecture Models The architectures considered should be exam-

ined in more detail to elaborate on their constituent elements and re-

source requirements. This will contribute to increased con�dence in our

understanding of the nature of these systems and provide the basis for

conducting trade-o� studies.

SIA Projections The current SIA-provided technology projections

extend only to the year 2007, and it was only through extrapolation

that the characteristics of the needed technologies were assumed. In-

vestment in further semiconductor/technology projections is needed to

improve con�dence in the timely availablity of the necessary devices.

This requires that the SIA study be extended to the year 2014.

Applications Scaling A more complete understanding must be

gained of the computational resource requirements imposed by appli-

cations executing at the PetaFLOPS level. A series of studies of such

scaling characteristics will be essential to verify that the architectures

are balanced in terms of the needs of the problems they are intended to

support.

3.4 Software Technology Working Group

Software technology is the enabling logical medium that matches the

functional requirements of the user application programs to the capabil-

ities of the computing system's underlying hardware resources. Ideally,

software technology presents a logical interface to the user that facili-

tates programming while achieving e�cient execution. Unfortunately,

the realities of contemporary practice in the �eld of high-performance

computing exhibit little of this \virtual machine" methodology. The
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current status of software technology in support of MPP architectures

provides neither ease-of-programming nor e�ective execution. Rather,

programmers have to work very close to the iron to achieve real e�cien-

cies and this happens only after much labor. Considering the challenge

of providing software technology support for systems ten-thousand to

a hundred-thousand times more powerful than today's most aggressive

massively parallel processing systems is daunting and brings in to ques-

tion its viability.

The impact of software technology on high-performance computing is

di�cult to quantify with the costs incurred and bene�ts derived often

of an intangible nature. This compares unfavorably with developers of

the hardware platforms that can measure key factors of their systems or

the applications programmers who can show runtimes achieved. While

the time to �rst run of an application program or the degree of execu-

tion e�ciency achieved are both severely impacted by the e�ectiveness

and utility of the software tools available, the actual bene�ts achieved

are not measured easily. Yet it is apparent from recent experience that

e�ective application of computing systems at the PetaFLOPS scale will

be impossible without fundamental changes in the nature of the sup-

port provided. The added complexity of million-way parallelism and

distributed wide-diameter systems will overwhelm conventional parallel

programming methodologies. Even now, no existing single parallelism

model adequately covers the spectrum required by applications today.

Programmers are forced to write their applications in reasonable time

that run with mediocre performance or invest heavily in optimization

and �ne tuning of their programs to realize high performance. Histor-

ically, the programmer has been forced to make the trade-o� between

reducing computing time or reducing programming time. The reasons

for this are that system design has not been done with system software

in mind, and supercomputers in the past have been treated more as

high-cost, special-purpose laboratory instruments than general-purpose,

easily applied computing systems. Software technology, what there is of

it, has been relegated the job of converting these raw capabilities into

delivered value for the users. But the widening gap between hardware-

supplied capabilities and the needs of user application programs cannot

be addressed by current software technology. PetaFLOPS computing

systems will require a new paradigm for software technology and this

will come only with a holistic design philosophy incorporating advances
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in algorithms, hardware, and system software designed to be mutually

supportive.

The software for the current generation of 100 GigaFLOPS machines

is not adequate to be scaled to a TeraFLOPS and will likely fail on

a PetaFLOPS system. In part, this is due to the \big laboratory in-

strument" mindset that assumes users are dedicated experts entirely

consumed for months with tweaking and �ne tuning codes to get it just

right. Another reason is that supercomputing software environments

are seriously underfunded and underdeveloped|a factor driven by the

relatively small market. But the challenges confronting PetaFLOPS

systems software go beyond inconvenience and are central to the actual

feasibility of that scale of computing. This is because parallel machines

su�er from \performance instability"|small changes in the relationship

between a user program and the underlying hardware resources which

can cause dramatic changes in delivered performance. One aspect of

this relates to the increasingly \High Q" nature of the processors used.

Near peak performance is delivered by a given processor only if the

data and control are set up just right. Otherwise, dramatic performance

degradation may result. Another aspect of this relates to the drastically

increased system diameter|the number of clock cycles it takes for a log-

ical signal/packet to cross the system|that will be characteristic of the

PetaFLOPS computer resulting in very long access latencies. Finally, in

order to hide this latency, many millions of transactions will have to be

active simultaneously requiring that diverse nested and dynamic forms

of parallelism be exploited, something done at best very poorly with

current methodologies.

Currently, attention has been focused on message-passing and data-

parallel programmingmodels which, with some e�ort, have proven useful

for a narrow class of scienti�c problems but which neither respond well

to the challenges above nor generalize easily to broader irregular and

dynamic computations. A fully general programming model is required

to expose the diverse modes of parallelism, enable portability across

platforms, and provide a common programming framework to which

commercial software may be targeted by independent software vendors

(ISVs). Economic viability will depend on the widest possible usage of

the common programming methodology to leverage commercial invest-

ment. Such a model must extend beyond a speci�c platform and encom-

pass heterogeneous ensembles of computing systems as encouraged and
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enabled by the emerging national information infrastructure (NII). For

example, it can be envisioned that applications will become collections

of subprograms logically connected as abstract networks of function-

ality reminiscent of some object-oriented techniques but conducive to

mapping across arrays of systems in a seamless environment. Such a

methodology would enable, but not be limited to, large scienti�c pro-

gramming. Other multidisciplinary interacting programs not currently

available would be supported in this extended framework and made pos-

sible by PetaFLOPS computing systems. Without tie-in to commercial

investment and development driven by the mainstream computing mar-

ket, a PetaFLOPS architecture initiative would depend entirely on gov-

ernment funding which could not possibly match the resources being

applied to general processing technologies.

Software technology for a PetaFLOPS computing system, as well as

for more conventional parallel computers, serves two principal purposes:

� It provides a programming methodology, and

� It manages parallel resources and parallel activities for allocation and

scheduling.

There is an important overlap between these two considerations in

that the runtime resource management establishes the virtual model

that is the logical interface to the hardware for the programming sys-

tem. The programmingmethodology supported by the software technol-

ogy comprises the programming language(s) and libraries as well as the

sets of tools used for debugging and optimizing application code. The

resource management elements of software technology provide services

such as �le management, virtual memory page swapping, and network

interfacing as well as runtime control such as task scheduling (including

process level and light weight threads) and resource allocation, process

synchronization, and interprocessor communication.

Programming models in current use on high-performance computers

can be categorized as: data parallel, message passing, control 
ow, func-

tional, and object oriented. Even here, languages and models inter-

mix so that one can program in a data-parallel style using distributed

memory message-passing languages or shared-memory, control 
ow lan-

guages. Resource management on big systems tends to be limited in

the extreme. Either it lacks in functionality leaving little between the
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programmer and the iron, or it lacks in e�ciency which most program-

mers will reject thus leaving little between the programmer and the iron.

This is a consequence of the fact that sophisticated functionality found

at the operating system level expects to manage very coarse-grained ob-

jects spending hundreds of microseconds performing its services. Highly

parallel systems use medium or �ne granularity to provide su�cient con-

currency to fully utilize all resources. For static regular and/or loosely

coupled problems, hand-crafted codes can yield good results. But this

simply substantiates the narrowness and di�culty of e�ective applica-

tion programming on today's highly parallel systems.

Tools exist for helping programmers examine the time and state of the

application program during execution. But they are not used widely yet,

although this is likely to change somewhat in the near future. The ma-

jor reasons for their lack of impact are programmer intransigence, long

learning curve, lack of commonality across platforms, lack of availability

on some platforms, inaccuracies, and inadequate functionality. Perhaps

more to the point is the gap between what these tools present and what

the programmer needs to do to achieve improvements in performance.

It is often impossible to appreciate the subtle complexities involved in

the relationship between program alteration and changes in system be-

havior. Resource management software is rudimentary in most cases.

Often only one user can use a set of system resources at a time. Re-

source allocation is usually manual and static with poor or nonexistent

locality management. And there is no feedback from system behavior

to management mechanisms.

Software technology is both crucial to the success of PetaFLOPS com-

puting and requires substantial advances in the current state of the art

and practice to achieve the desired success. Advances must be made in

both the areas of machine e�ciency and human resource e�ectiveness.
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4.1 Introduction

The Applications Working Group played two major roles in the work-

shop. First, the needs of important applications are the motivation

for designing and building PetaFLOPS machines. This is discussed

in Section 4.2 on general terms. Second, the characteristics of poten-

tial PetaFLOPS scale applications can be used to guide the other three

workshop activities; devices, architectures, and software for PetaFLOPS

computers. Our general �ndings in this area can be found in Section 4.3.

In Section 4.4, we approach the issues of Sections 4.2 and 4.3 from the

point of view of particular applications. Section 4.5 describes algorithmic

issues.

4.2 Applications Motivation of a PetaFLOPS
Computer Program

We show in Table 4.1 a wide set of applications, which are potential uses

of PetaFLOPS machines. We divide these into three major areas:

1. Large Scale Simulations (grand challenges) extrapolated from Ter-

aFLOPS machines. Two sub-classes can be separated.

� Problem size naturally increases (an example is turbulence where more

grid points are needed to increase spatial resolution),

� Problem size is unchanged but there is a need to increase simulated

time (an example is protein dynamics with 10,000 atoms and one needs

to achieve millisecond simulated time with � 10�14 second basic time

step).

2. Data Intensive Applications that rely on petabyte! exabyte of primary

and secondary storage.

3. Novel Applications.

There is no doubt that these can be used to build a strong case for

PetaFLOPS machines. As we discuss in the examples of Section 4.4,

many applications require PetaFLOPS, or in some cases higher, perfor-

mance for realistic results. The need for this performance level follows

directly from the physical structure of the problem in some cases, and

from the size of the base dataset in others. The following observations

qualify and expand these remarks.
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1. Our working group did not have the broad expertise to establish the

PetaFLOPS motivation in full detail.

2. We can give examples, as described in Section 4.4. However, we recom-

mend that our work be re�ned by appropriate \domain expert groups."

3. We can note generally that computation is and will be increasingly im-

portant in economy, society, education, academic, and U.S. needs to be

in the lead in the continuing future|just as it is now with HPCC.

4. One cannot predict the critical applications 10{20 years from now. New

national problems will arise, and surely HPCC will be critical in many

of them. Most of our exemplars will be important, if not the most

important PetaFLOPS scale problems.

5. Many PetaFLOPS scale applications will involve integration of disparate

activities and will require changes in current modus operandi. For in-

stance, the NII (and applications such as interactive television) will im-

pact society in a nontrivial way. Agile manufacturing requires database

(CAD) simulation, design, analysis, manufacturing, and marketing to

be integrated. PetaFLOPS computing enables this, but the multidisci-

plinary character has implications for hardware, software, and hardest

of all, the structure of manufacturing companies.

6. We recommend a program to investigate new algorithms needed by

PetaFLOPS scale applications and the special architectural features of

PetaFLOPS machines. This is expanded in Section 4.5.

7. Historically new algorithms, new di�culties, and indeed new applica-

tions have been identi�ed as one increases power of computer|even by

a \mere" factor of 10. This is likely to occur in \all" application areas.

Today's typical achieved maximumperformance is a GigaFLOPS. Thus,

we expect a set of revolutions or \just" minirevolutions as we extrapolate

a factor of 106 to PetaFLOPS performance.
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Table 4.1: PetaFLOPS Application Areas

A. Biology, Biochemistry, and Biomedicine

A1 Design better drugs

A2 Understand the structure of biological molecules (protein folding)

A3 Genome informatics and phylogeny

A4 Process data from medical instruments

A5 Simulate functions of human body

{ Blood 
ow through heart

A6 Neural networks in cortex

A7 Real time three-dimensional biosensor data fusion (the virtual human)

A8 Analysis of integrated medical database to improve quality and cost of

health care

B. Chemistry, Chemical Engineering

B1 Design and understand nature of catalysts and enzymes

B2 Simulate new chemical plants and distribution (pipeline) systems

C. Physics

C1 Understand the nature of new materials

C2 Simulate semiconductors used in chips

C3 Design fusion energy system (Numerical Tokamak)

C4 Simulate nuclear explosions

C5 Matter transporter (three-dimensional fax and edit)

C6 Understand properties of fundamental particles (QCD)

D. Space Science and Astronomy

D1 Evolve the structure of the early universe into the epoch of the current

observable world (cosmology)

D2 Understand how galaxies are formed

D3 Understand large scale astrophysical systems (stars, gas clouds, globu-

lar clusters)

D4 Understand dynamics of Sun

D5 Understand collision of black holes and emission of gravitational waves

D6 Analyze new optical and radio astronomy data to combine data from

many telescopes and minimize impact of Earth's atmosphere
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E. Arti�cial Intelligence

E1 New neural network learning and optimization algorithms

E2 High-level searches of full text databases

E3 Decipher new military coding methods (cryptography)

E4 Deep search of game trees for social models and games such as computer

chess

F. Study of Climate and Weather

F1 Forecast weather and predict global climate

F2 Forecast severe storms (tornados, hurricanes)

F3 Study coupling of atmosphere, ocean, Earth use with economic and

political decisions

F4 Integrate models and weather data for optimal interpolation (data

assimilation)

G. Environmental Studies

G1 Model 
ow of pollutants and ground water in the Earth (
ow in porous

media)

G2 Model air and water quality and relation to policy

G3 Model ecological systems

G4 Analyze data from planet Earth to understand nature and use of land

(Earth Observing System)

H. Geophysics and Petroleum Engineering

H1 Analyze three-dimensional seismic data to obtain better well placement

H2 Model oil reservoir to optimize e�ectiveness of secondary and tertiary

oil extractions

H3 Analyze models of and data from earthquakes to improve predictions

of how and when quakes will occur
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I. Aerospace, Mechanical, and Manufacturing Engineering

I1 Build more energy e�cient cars, airplanes, and other complex artifacts

using computational 
uid dynamics, structural analysis, and multidisci-

plinary optimization for a graph of expected performance and memory

needs in the aircraft industry (see Figure 4.1)

I2 Design new propulsion systems

I3 Simulate new combustion materials

I4 Simulate radar signature of new vehicles (stealth aircraft)

I5 Simulate chips used in new computers

I6 Simulate electromagnetic properties of high-frequency circuits

I7 Simulate manufacturing processes

I8 Optimal scheduling of manufacturing systems

J. Military Applications

J1 Simulate new military sensor and communication systems

J2 Control military operations with data fusion and spatial reasoning

J3 Integrate human, online military systems, and computer simulations in

exercises (SIMNET)

K. Business Operations

K1 Simulations and complex database analysis for advanced decision sup-

port in business and politics

K2 Support integrated agile manufacturing system

K3 Dynamic scheduling of air and surface tra�c when disrupted by weather

and crises

K4 Control and image analysis for advanced robots

K5 Economic modeling on Wall Street

K6 Graphics for digital movies

K7 Linkage analysis to �nd correlated records in a database indicating

anomalies and fraud in health care, securities, credit card operations,

and similar areas

K8 Analysis of customer data to optimize marketing (market

segmentation)
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Figure 4.1
Aeronautics Modeling and Simulation

L. Society

L1 Large-scale simulations and database searches for education

L2 Electronic shopping and other interactive television

L3 Support world-wide digital library and information systems (text, im-

ages, video)

L4 Integrate and update intelligent agents on the NII (Knowbot garage)

L5 Image analysis for large databases to �nd just the right picture (missing

persons, cover of magazine)

L6 Support of up to a million simultaneous players in large virtual envi-

ronment linked to advanced home video games
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4.3 Issues/Characteristics for Architecture
(Hardware) and Software of PetaFLOPS
Machines

There were particularly fruitful interactions between architecture and

application groups. We can make the following general remarks on char-

acteristic features of PetaFLOPS scale applications.

1. We need to establish a common \language" (set of terms) to dis-

cuss memory hierarchy/parallelism and communication in a hard-

ware/software /algorithmic implementation neutral fashion. We rec-

ommend a near-term activity to re�ne initial steps begun here to de�ne

applications for architecture and software communities. This implemen-

tation neutral description of applications and architectures should also

help discussions between software and architecture communities. The

need for this agreed terminology was highlighted by our discussions with

the architecture group where latter noted that application scientists de-

scribed the computational structure of their problem inappropriately|

using, for instance, the language of MIMD distributed memorymachines

when issues were more general and re
ected memory hierarchy. As the

target PetaFLOPS machine could have a mix of these architectures,

a distributed set of hierarchical memory nodes, translating application

scientist speci�cations into PetaFLOPS designs led to vigorous confused

debate.

2. Our discussions with architecture group isolated several classes of

machines|three based on memory hierarchy processor trade-o�s and

others based on memory size and I/O requirements.

3. We made a list of architectural features, which are shown in Tables 4.2,

4.3, and 4.4. These were used as a guide in preparing exemplar applica-

tion discussions in Section 4.4.

4. We recommend that once a better framework is agreed (see item 1.), that

\domain experts" be asked to re�ne our study (as begun in Section 4.4)

in a broader range of potential PetaFLOPS scale applications. Potential

application domains are already given in Table 4.1.

5. We identi�ed a general rule for time stepped algorithms (Section 4.4.1).

Memory =

�
# FLOPS

1 GigaFLOPS

�n
gigabyte�
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Table 4.2
Some General Application Characteristics

1. Is PetaFLOPS performance needed by this application, and if so, why?

2. Are new algorithms needed?

3. What are size characteristics of problem? How does size scale as we

increase performance of computer?

4. Does this problem have special precision needs?

5. What is nature of computation? Does it involve FLOPS or some other

sort of OPS?

6. What are I/O requirements of problem in terms of bandwidth and

(secondary) storage size?

*Put here memory needed at a GigaFLOPS performance.

n = 3=4 for �xed total simulation time, but n < 3=4 if needed (as

often one does) to increase total simulated time. This rule predicts a

memory size of 30 terabytes is appropriate for a PetaFLOPS machine if

1 gigabyte is appropriate for a GigaFLOPS machine. This estimate is

consistent with NASA's aerospace predictions in Figure 4.1.

6. Current \rule" memory (bytes) = performance (FLOPS) is modi�ed

because up to \now," solving problems has been constrained by ma-

chine size and so one scales problem \blindly." On the other hand,

the PetaFLOPS machines will solve real problems constrained by the

\physics" of the situation.

7. Some interesting characteristics of a PetaFLOPS machine are

� PetaFLOPS machines will do in �ve minutes what it takes Gi-

gaFLOPS machines 10 years to do

� 1013 bytes = 8 (bytes/word) � 10 components/grid points � 50003

(grid size)

� 1015 bytes = 2300 years video

= 109 books

= 3� 108 megapixel images

= 3� 1010 compressed images
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Table 4.3
Some Architectural Characteristics of Applications

1. What is memory required for a PetaFLOPS performance?

2. What are secondary and tertiary storage needs?

3. Can this application use a metacomputer (networked computers)?

4. Can this application use unconventional architectures (e.g., neural net-

works, content addressable memory, associative processor)?

5. What is the expected realized versus peak performance for this

application?

6. Can this application use a SIMD architecture or a MIMD collection of

SIMD \nodes"?

7. Is this application sensitive to latency?

8. What degree of local parallelism is present in this application? This is

in addition to \overall" data parallelism and can be exploited in shared

memory multiprocessor nodes.

9. How many nodes does \overall" data parallelism support?

Note: Burton Smith points out that product P of performance

(PetaFLOPS) and best possible memory access time (nanosecond) is

lower bound to overall concurrency needed in application. P is at least

106(= 1015 � 10�9). Characteristics 8 and 9 break up this minimal P

for a given problem into amount that can be supported by coarse-grain

data parallelism (characteristic 8) and that (characteristic 9), which

can be exploited in a �ner grain (e.g., shared memory) architecture.

10. Discussions with architecture group developed three strawman

architectures.

� Architecture I: Around 200 TeraFLOPS nodes|shared memory

architecture

� Architecture II: Around 10,000 0.1 TeraFLOPS nodes|switch or

similar general interconnect

� Architecture III: Around 106 1 GigaFLOPS nodes|mesh intercon-

nect architecture

Can applications use these architectures? The answer to this question

is related to those of previous characteristics.
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Table 4.4
Software Technology Issues for Each Application

1. What operating system support does the application need?

2. What compiler and tool support does the application need?

3. Does the application naturally �t particular programming

paradigms?

4. Are there special user interface issues?

8. Some PetaFLOPS applications are somewhat less demanding on hard-

ware characteristics than today's problems (e.g., they are applications

with a lot of compute needs and this implies lower internode communi-

cation bandwidth to node compute power ratio).

9. It is interesting to consider real-time applications so that PetaFLOPS

performance is required to keep up with the machine and people in loop

(e.g., defense simulation and control).

10. Many real-world simulations need PetaFLOPS because problems have

multiple length scales.

11. All members of the applications working group felt that PetaFLOPS

central supercomputers should be accompanied by the natural scaling

TeraFLOPS level workstations distributed among the users.
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4.4 Exemplar Applications

4.4.1 Porous Media

From today's machines to the PetaFLOPS computer, there is a factor

of 104 in speed. How will this produce value in problems of major

importance to society?

Most important problems are already solved at some level, but most

solutions are insu�cient and need improvement in various respects:

� under resolution of solution details, averaging of local variations and

under representation of physical details

� rapid solutions to allow e�cient exploration of system parameters

� robust and automated solution, to allow integration of results in high-

level decision, design, and control functions

� inverse problems (history match) to reconstruct missing data require

multiple solutions of the direct problem.

For PDE-based problems, the computational e�ort scales inversely

as grid size to the fourth power, h4, and often, especially for implicit

problems, higher powers, such as h7 can occur.

For �eld scale oil reservoir simulation, grids on the order of 100 meter

spacing might be common. Geological variation occurs on all length

scales, down to the pore size of the rock, about a micron. Not all of this

variation needs to be simulated, fortunately. The interwell separation

is perhaps 400 meters, and 
ow between wells is the important variable

to be predicted. Variation on the range of 10 to 20 meters is not well

represented by averaging methods, and is better computed, so that there

is a utility in re�ning grids by a factor of 5 to 10.

On the basis of these considerations, we propose the following simu-

lation, for which the PetaFLOPS machine would be necessary:

1. 103 � 103 � 102 = 108 grid elements

2. 30 species

3. 104 time steps

4. 3� 109 words of memory per case

5. 300 cases considered (geostatistical parameters; economic or operating

parameters; history matching iterative solutions of the direct problem)
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6. 1012 words of memory (all cases considered in parallel)

7. 3� 1014 grid � time cells total

8. 1019 FLOPS

9. 104 sec = 3 hrs: PetaFLOPS computational time

At these length scales, geological data is not known, except in a sta-

tistical sense, and so statistical ensemble averages will provide average

performance as well as a measure of variability associated with these

averages and the possibility or probability of outlier solutions, such as

early breakthroughs.

Similar issues apply to ground water remediation sites. Here the sites

and well spacings are typically smaller, but the same scaling of grid

to well spacing arguments apply. Commonly narrow conduction bands,

or isolated time events, such as runo� during storms dominate total

migration of contaminants so that accurate resolution in space and time

is needed for reliable predictive capability.

Complicated chemistry, included binding of contaminants to absorp-

tion sites, or the trapping of contaminant bearing water in semi-isolated

micropores gives rise to the disturbing phenomena of sites which appear

to be remediated by a pump and treat method, only to have the contam-

inant re-emerge when treatment is terminated. For this reason, physical

processes, and system variables often need an increased accuracy of de-

scription, as well as �ner grid resolution.

What are the architectural issues which result from this problem?

For memory, we see that memory size is determined almost entirely by

the application, and is nearly independent of system architecture. The

PetaFLOPS machine is mainly justi�ed to solve large problems, rather

than to solve problems of a �xed size more rapidly. For the easiest

problems, we have

memory � speed 3=4

but for many cases, and especially the more computationally di�cult

ones, the exponent will be smaller, because:

� some of the extra computational power will be devoted to solution for

longer total time, or exploration of more parameter values

� for implicit problems, or nonlocal force laws, the computational work

grows more rapidly than h4.
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These scaling laws should be developed with known proportionality

coe�cients coming from today's machines, which appear to be well bal-

anced for a broad mix of problems.

There is a similar scaling law for communication latencies in memory

hierarchies. Communication of n bytes takes an+b units of time, where a

and b are measured dimensionlessly in units of 
oating point operations.

Here b is latency and a is bandwidth.

The number of 
oating point operations which can be usefully per-

formed between communication steps is proportional to the local mem-

ory size. Consider a two-level hierarchy, with M bytes stored at m lo-

cations. After O(mM ) 
oating point operations, there will be a need to

communicate O(m) domain decomposition boundary information mes-

sages of size O(M2=3) in the most favorable case, and O(m2) messages

of size O(M ) in the worst case. For the more common favorable case,

the communication cost is

m(aM2=3 + b)

and the computational cost is

mM

so we need

mb +maM2=3 << mM

or

b << M

and a

<< M1=3

Constants in these relations can be determined from current balanced

machines. The same arguments can be extended to multilevel memory

in a hierarchy.

In the unfavorable cases, the problem has not been parallelized suc-

cessfully at a conceptual level, and the machine will fail for these prob-

lems in the absence of further algorithmic work. For example, dense

matrices may achieve a more nearly sparse character if a better basis is

used, such as a multipole or wavelet basis. Such algorithmic methods

may move a problem from an unfavorable to a favorable case.
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For porous media problems, the pressure is solved implicitly. This

problem has a bad condition number as the mesh is re�ned. Thus,

there is a need for preconditioners (approximate solution methods) of a

hierarchical nature, to put these problems in the favorable scaling cases.

Clearly research issues of a numerical analysis nature will arise.

4.4.2 Computational Astrophysics

Need for a PetaFLOPS Computer There is a wide variety of inter-

esting and challenging problems to be solved in this �eld which require a

correspondingly wide variety of computational techniques and machine

capabilities. A partial list of possible applications includes multidimen-

sional stellar evolution|from star formation to the death of the star

in a supernova explosion, cosmological simulations, galaxy formation,

accretion disk structure and evolution, and the formation of supersonic

jets. There are several reasons why these problems will require (at least)

a PetaFLOPS computer in order to obtain reliable solutions. One is

the need to simulate enormous ranges in length and time scales, re-

quiring very large computational grids (possibly using adaptive mesh

techniques) and huge numbers of time steps. Very large grids also are

required to reduce the numerical dissipation in order to represent accu-

rately the extremely low viscosity of most astrophysical gases. This is

particularly important in regimes where turbulence and convective mo-

tions are important. Most problems will require fully three-dimensional

simulations. Calculations containing 109 grid points or more will have

to be done routinely. Many problems will require complex physics cal-

culations at each grid point, such as nuclear reaction networks involving

perhaps hundreds of species and thousands of reactions, detailed equa-

tion of state calculations, complex radiative transfer, and solution of

elliptic equations to calculate, for example, self gravity. Calculations

of galaxy formation will require coupling of a gas dynamics code to an

N-body code to follow the motions of individual stars. Finally, it will

be necessary to run each simulation many times to fully understand

the physics of the object(s) being studied. These additional simulations

will involve parameter studies, modifying the initial conditions, using

di�erent input physics, and so on.

Architectural Issues The applications in this �eld can be divided

into two major classes, those that require global communications and
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those that need only local communications. Applications requiring only

local communications involve explicit gas dynamics on regular grids with

only zero-dimensional microphysics, such as reaction networks and equa-

tion of state calculations at each grid point. Applications which use

global communication include implicit gas dynamics methods, adaptive

grids, radiative transfer, self-gravity calculations, and N-body tree codes.

These two set of applications have somewhat di�erent machine require-

ments, which will be addressed separately below.

For applications which use only local communications, virtually any

number of processors would be used. Certainly 106 processors would

present no signi�cant di�culty and perhaps even 109 processors could

be used e�ectively on some applications. Only nearest neighbor commu-

nications would be involved and a su�ciently large number of operations

can be done at each grid point between communications steps that issues

of latency and communication bandwidth become less critical. Appli-

cations of this type should run e�ciently on any balanced architecture

and obtain a signi�cant fraction of peak speed.

For applications requiring global communications, computers with a

smaller number of faster processors will be easier to use. These appli-

cations also will require faster communications with lower latency to

run e�ciently. It seems unlikely that these applications will achieve a

large fraction of peak speed using conventional hardware and software

approaches. There is a high probability that applications in this class

will become increasingly important in the future as algorithms for multi-

dimensional implicit gas dynamics, multidimensional radiative transfer,

and adaptive grids become more popular.

I/O and Memory Requirements Consider a reasonable problem

size using a 10003 grid. Assuming a few hundred variables per grid point,

the calculation would require 1{10 TeraFLOPS of memory. Typically,

one would like to store the values of each variable at least 1,000 times

during the calculation, which would require approximately 10 petabytes

of data storage. If this calculation could be completed in 10 hours of

cpu time, the required I/O speed would be one petabyte per hour. This

should be considered as only a representative example, and is certainly

not an extreme case. Many simulations will require signi�cantly more

capabilities than this, particularly in the areas of storage and I/O speed.
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4.4.3 Lattice QCD

Lattice QCD is a perfect problem for simple parallel computer architec-

tures. High e�ciency is very easy to reach. The PetaFLOPS threshold

will allow a dramatic change in the scope of numerical simulations of

lattice QCD, which will become a really e�ective phenomenological tool

and support to experiments. Weak interaction physics will be under-

stood in a seriously quantitative way, and it will be possible to compute

scattering amplitudes with high precision. Experiments like the one that

are planned in this period (beauty and phi factories) will be able to ex-

ploit such a powerful help (quantitative predictions from the microscopic

theory, without approximations).

As we already said, numerical simulations of lattice QCD can have

very high e�ciency even on very simple architectures. The problem is

computationally intensive, since one always operates on complex 3 � 3

matrices: a low cpu memory bandwidth is acceptable. Since one is sim-

ulating a virtual world, and only needs to write on disk a few average

numbers (apart from backups and check points), a powerful I/O channel

is not needed. The problem is local and homogeneous, and the map-

ping to processor architecture straightforward. The cost-e�ective mesh

architecture of Class III in Table 4.3 seems satisfactory. Further, a rea-

sonable 2004 lattice requires around 10 terabytes of memory to match

a PetaFLOPS performance. Larger problems than this would require

major new algorithms such as the multiscale renormalization group.

4.4.4 Computational Quantum Chemistry|HIV Protease

Structure

PetaFLOPS will have many applications studying the electronic struc-

ture of macromolecules, clusters, surfaces, and solids. Here, we discuss

an example: The structure and properties of HIV protease by means of

ab initio quantum chemical methods.

The detailed electronic structure of the HIV protease molecule can be

elucidated using methods based on Hartree-Fock theory and its exten-

sions (post-Hartree-Fock theory) such as con�guration interaction and

many-body perturbation theory. Using present day computers, appli-

cation of these theories to such biological molecules is prohibitively ex-

pensive at the lower levels of approximation and become intractable as

higher levels are used. These and related methods of ab initio quantum
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chemistry utilize the complete nonrelativistic Hamiltonian operator for

a system comprised of N electrons andM nuclei and require the calcula-

tion of integrals involving kinetic energy, nuclear attraction and nuclear

repulsion operators [?].

The Hartree-Fock-Roothaan (HFR) procedure is used in most present

day ab initio applications to polyatomic systems. It, or components

thereof, also can be used as a point of departure for post-Hartree-Fock

methods. HFR calculations use basis sets to de�ne one-electron orbitals

in the construction of molecular orbitals (MOs) as linear combinations

of atomic orbitals (LCAOs). The basis functions are usually Gaussian-

type functions (GTFs) centered at the atomic nuclei for a polyatomic

system. For an m basis function representation of the N electrons in

the system, the HFR procedure results in a total of (m2 +m)=2 kinetic

energy, (m2 +m)=2 nuclear attraction, and (m4 + 2m3 + 3m2 + 2m)=8

electron repulsion integrals. Although the O(m2) one-electron integrals

is manageable with current computing technologies, the O(m4) scale-up

of the two-electron integrals soon exhausts the capabilities of even the

most advanced massively parallel processing supercomputers|in spite

of the fact that the computation of such integrals (matrix elements) is

\embarrassingly parallel" [?].

At the Hartree-Fock level, the O(m4) integrals are assembled into

a Fock matrix of order n (where n equals the number of contracted

GTFs; refer to example below) and its eigensolutions are extracted. This

process is repeated over and over until solutions are invariant to within

a pre-chosen threshold (i.e., attain self-consistency). Typically, this can

require hundreds of iterations. A benchmark is a HFR calculation on

a cluster of 135 beryllium atoms represented by a (3s2p)=[2s1p] basis

set of contracted GTFs [?]. (The larger basis of 3 s-type and 2 p-type

\primitive" GTFs is collected, using �xed coe�cients derived from free-

atom calculations, into the smaller \contracted" set of 2 s-type and

1 p-type GTFs for computational e�ciency [?].) The Be135 basis set

contains m = 1215 primitive and n = 675 contracted GTFs. The O(m4)

integrals step (� 1012), which was reduced signi�cantly using molecular

point group symmetry, consumed 24 CRAY X-MP cpu hours.

Biological molecules such as HIV protease contain approximately

O(1; 500) nuclei and O(5; 000) electrons. A modest, but not unreason-

able, basis set could contain 10,000 basis functions. Simple scaling of the

Be135 result indicates that it would require � 30 cpu years on the ap-
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proximately 1 GigaFLOPS CRAY X-MP to calculate the required 1016

two-electron integrals. This calculation reduces to a very tractable 15

minutes on a PetaFLOPS computer.

To determine the equilibrium structure of HIV protease using Hartree-

Fock theory would require repeating this 15-minute calculation for dif-

ferent molecular geometries until the total energy reaches a minimum.

Since there are nearly 4,500 vibrational degrees of freedom, an unre-

stricted geometry search scaling roughly as the number of nuclei squared

becomes prohibitive even on a PetaFLOPS computer. Fortunately, it is

appropriate to focus on the active site of the molecule and restrict the

atomic motions to the few in its vicinity. The problem of geometry

variation then can be addressed in hours to days.

Reactions and interactions at the active site are of particular interest

in HIV protease. Because chemical bonds are formed and cleaved, it

may be necessary to use higher levels of approximation than Hartree-

Fock theory to calculate accurate results. Con�guration interaction and

many-body perturbation theory approaches can be used in such cases

[?]. A requirement for these post-HF methods is the so-called four-index

transformation of the O(m4) basis function (contracted GTF) integrals

to the MO basis|an O(m5) process [?]. This step is followed in the

con�guration interaction (CI) procedure, for example, by construction

of the Hamiltonian matrix comprised of elements connecting excitations

or con�gurations involving so-called virtual MO s. In a full-CI proce-

dure, the order L of the Hamiltonian matrix grows roughly as mN for

a con�guration space of m MO s containing N electrons. In the case

of HIV protease, this is L = 10; 0005000 con�gurations, a calculation

that would take an inconceivable length of time. A more feasible pro-

cedure would be to treat at the CI level only those electrons in the

vicinity of the active site. In this instance, the CI procedure becomes

tractable and the calculation may be limited by the O(m5) transfor-

mation step. Furthermore, the excitation levels could be constrained

to replacements of electrons from occupied to virtual MO s in order of

i = 1; 2; 3; : : : for single, double, triple, etc., excitations. The CI calcula-

tion then scales roughly as mi. The lowest energy eigensolutions of the

O(L) Hamiltonian matrix must be calculated|a formidable task even

for a PetaFLOPS computer handling a CI that scales as mi because L

is still greater than 108.

The discussion presented here clearly infers that the advent of
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PetaFLOPS computing will lead to an unprecedented expansion in the

scope of ab initio quantum chemistry. Biological systems such as HIV

protease, which are currently impossible to study at any level of theory

using today's state-of-the-art computers, will become rote using HFR

methods on a PetaFLOPS machine. And despite the fact that highly

accurate full-CI calculations will remain out of reach, the feasibility of

post-Hartree-Fock methods will no longer be an unattainable goal. Con-

sequently, the advent of PetaFLOPS supercomputing will result in the

birth of ab initio quantum biochemistry and the coming of age of ab

initio quantum chemistry.

4.4.5 PetaFLOPS or PetaOPS Requirements from

Genome Projects

The Human Genome project should produce the entire sequence of all

3 � 109 bases of human DNA in the next decades. It is reasonable to

expect that in that same time frame it may be possible to do genomes

of similar size, such as individual humans, experimental and domestic

animals, crops, and others at the rate of one per year. Rates of 100 bases

per second may be routine. Full, element-by-element comparisons of new

sequences with existing data bases would require more than 1011 to 1012

elementary comparisons per second, compounded as the database grows.

Clever heuristics can reduce the essential operations, but a newly discov-

ered method could require complete re-analysis of all existing data. Full

comparison of human and mouse genomes would need 1018{1019 opera-

tions. This kind of comparative sequence analysis is already one of the

most powerful sources of knowledge about genes, and shows promise of

becoming more important as the data and knowledge bases grow. These

discoveries will drive the need for even more sophisticated analyses.

Genomic information completely determines the characteristics of the

protein and nucleic acid molecules that express a living organism's form

and function. One of the greatest challenges, in which computation is

playing a major role, is the prediction of higher-order structure from

the one-dimensional sequence of genes. Rules for prediction of macro-

molecule folding are beginning to emerge. In the case of RNA, there

are some simple rules that partially predict the secondary interactions

of distant parts of the polymer chain. A deterministic, dynamic pro-

gramming code is in wide use. It scales as � N3 in operations and

� N2 in memory. Other non-deterministic methods also are available.
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More complex methods for predicting three-dimensional structure are

appearing. Preliminary secondary structure predictions for sequences of

HIV RNA (9,218 nucleotides) can be done on a 16K processor SIMD

Maspar or an 8-processor CRAY Y-MP in about six hours. There are

100,000s of sequences of potential interest ranging in size from 50 to

10,000 nucleotides.

Protein structure prediction is even of greater interest since proteins

are the principal agents of expression for genetic information. Rules

for prediction are more complex that for RNA, and are a research area

of major concern. In its extreme, the problem could be viewed as of

nN complexity, where reasonable values for n, the number of conforma-

tions amino acids may take, could be dozens. Exhaustive conformational

search would not be feasible for many proteins, even with PetaFLOPS

computers. However, even now there are a number of strategies to ex-

plore the problem. Exhaustive search on highly simpli�ed lattice models,

using simpli�ed potential functions is partially successful. Statistics-

based assignments of structure from sequence similarities is another. In

all cases, re�nement of �nal structures requires molecular mechanical

and computational chemistry tools.

Much experimental work, involving heavy computation, is still needed

in algorithm development for both the RNA and protein-folding prob-

lem.

Problem match to three categories of PetaFLOPS computer:

Almost every sort of high-performance architecture is easily adaptable to

sequence comparison. Workstations are very competitive at the present

time.

Class I machines are seldom used for sequence matching. High-

precision word length is not needed. Lattice models are explored with

supercomputers for their raw, scalar speed. Three-dimensional modeling

is most frequently done on scalar plus vector, and limited multiprocessor

shared memory.

Class II machines will do well on sequence comparison. Some HPCC

e�orts are adapting the molecular mechanical and electronic methods.

Class III machines are beginning to appear for sequence matching

in commercial products. Some experimental adaptations of molecular

mechanics calculations on heterogeneous architectures have been done.
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4.4.6 Drug Design

Current costs of developing a new drug are several hundred million dol-

lars. Good candidates are scarce. For example, by screening 10s to 100s

of thousands of natural products and other chemicals, new anticancer

agents emerge at less than one per year. Computation is anticipated

as a powerful aid to designing and prescreening new candidates. This

approach requires fundamental structural data on potential targets and

the agents that may a�ect them. High-performance computer models

are essential for analysis of experimental structural data to produce de-

tailed molecular models, to molecular mechanical/dynamic exploration

of target structures, to chemical structure of small drugs, and to in-

teraction between drugs and targets. All of these methods will require

PetaFLOPS capability to achieve reliable prediction, design, and testing.

Structure determination requires computation in solution of the phase

problems of x-ray crystallography and in distance geometry calculation

for magnetic resonance. Computational chemistry is needed to under-

stand the structure of drugs, how they bind to targets at the atomic

level, and for details of electronic structure.

As examples, consider the protease of HIV and its inhibitors. This

enzyme is required for mature, infectious virus to be produced, and is

thus a candidate for drug targeting. It is being studied extensively. At

this stage, computing speeds are on the order of 1012 fold slower than

desired. Typically, 10�9s of real time requires 100 CRAY Y-MP hours.

We want to cover 1ms of chemical time.

PetaFLOPS performance would permit electronic calculations for the

entire protease (at moderate levels of theory) and very detailed calcula-

tions for drug-sized molecules.

The calculations currently scale as N2 for number of atoms in molec-

ular mechanics calculations, with various heuristics to reduce from this

upper bound. Electronic structure requirements vary depending on the

level of theory, but range from N4 upward. Memory requirements

scale as N2 for molecular mechanisms with additional o�ine storage

for molecular dynamics trajectories. Electronic structure codes vary in

memory requirement depending on whether storage and re-use of inter-

mediate values or recomputation is chosen.

Problem match to three categories of PetaFLOPS computers:

Class I|These codes traditionally are heavy users of Class I machines.
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Vectorization and multiprocessing are not high. Memory use is signi�-

cantly less than 1 MW/MF for molecular mechanics and can be less or

more than 1 MW/MF for electronic calculations.

Class II|Current codes are being ported to predecessor machines of

this class. Managing communication is a signi�cant e�ort.

Class III|A few demonstrations have been done on SIMD machines

that may be analogous to Class III architectures.

4.4.7 Three-Dimensional Heart

The challenge is to develop a realistic three-dimensional model of the

heart for improved design of prosthetic heart valves, modeling of car-

diac diseases, and understanding the functional anatomy of the heart.

PetaFLOPS are needed to allow current promising models to be scaled

to realistic levels of detail.

The present level of development successfully models some portions of

the 
uid dynamics of a heartbeat. It models the heart as geodesic �ber

paths on surfaces in three dimensions, based on painstaking anatomi-

cal dissection of mammalian hearts. Fiber forces are transmitted to the

blood by a special weighting function. Blood is represented currently

by 128 � 128 � 128 three-dimensional lattice of points on which 
uid

dynamics are calculated using versions of the Navier-Stokes equations.

The problem scales in memory as slightly less than the grid size cubed,

and in computational complexity as more than N4. Present require-

ments are a CRAY C90 cpu-week and 50 megawords of memory for a

single beat. Realistic improvements would require a PetaFLOPS com-

puter, and could be utilized immediately to re�ne the many parameters,

to achieve steady-state dynamics, and to introduce new features such

as electrical activity. Methods developed for this work are applicable

to problems of sperm motility, platelet aggregation, and other problems

with 
exible boundaries, such as blood vessels of the lung and heart.

Problem match to three categories of PetaFLOPS computer:

Class I machines could be utilized immediately. Very large shared

memory, vectorizable, multiprocessor codes are in use. The ratio of

megawords to MegaFLOPS is less than one and a high fraction of theo-

retical peak speed is attained.

Class II machines are likely to be useful with modi�cation of the codes

currently being developed on clustered microprocessor machines.
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Class III machines are likely to be applicable as well, since they appear

to be successful for other 
uid dynamics codes.

4.4.8 Global Surface Database

The goal of this application is to create and maintain a database of

the surface coverage of the land mass of the Earth at a resolution of

10� 10 square meters with samples acquired a few times per days. This

database would be able to answer questions like:

� What is the expected quality and yield of this coming year's French

wine? This estimate is to be based on the size of the �elds being culti-

vated for grapes, the healthiness of the vines, how they are being fertil-

ized and irrigated, and so on.

� What is the likelihood of food riots in Mongolia this winter? In addition

to crop health, need to determine the levels of water reservoirs, the

quality of the water, how much fertilizer is being applied, and so on.

� Which forested areas are most susceptible to �res? How dry are the

trees, and so on.

� How is energy use distributed in a city? How does usage vary with time

of day, changes in weather, and so on?

To answer questions of this type, we propose a database of the surface

coverage of the Earth. The land area of the Earth is 1:5� 1014 meter2.

Dividing the land area in to 10� 10 meter2 grids, yields 1:5� 1012 grid

points.

We assume that each grid point is represented by a sample consist-

ing of a 103 � 103 pixel images, where each pixel is contains intensity

information (8 levels) at each of eight di�erent frequencies. (Each pixel

corresponds to a single square centimeter.) The image associated with

each grid point consists of 6:4� 107 bits. Further assume that the data

can be compressed by a factor of 100; therefore, in compressed form, the

data associated with each grid point will be 6:4� 105 bits.

Satellite down link characteristics. If 100 satellites are used for

image gathering, with down links of 109 bits per second, we can trans-

mit 1:6� 105 images per second, or about 1:35� 1010 images per day.

Each grid point will be sampled approximately once every three to four

months.
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Downlink rate Grid points percent Modeled bits

per second 1:0� 1011 1:56� 105 0:00% 8:30� 107

per day 8:64� 1015 1:35� 1010 0:91% 7:18� 1012

per year 3:16� 1018 4:93� 1012 331% 2:62� 1015

Figure 4.2
Data Rates in Surface Model

A typical wheat farm (104 acres or 4� 107 square meters) consists of

4 � 105 grid points. Thus we would collect, on average, 3,668 images

per day that pertain to the entire farm. In order to properly determine

the state of the crops, it will be necessary to look at samples at di�erent

times during the day. Thus, the data we will have available for this farm

is the equivalent of approximately 600 grid points sampled once every

four hours, and from this data we are to determine the health of a �eld

of 10,000 acres.

Data processing requirements. The compressed data stream pro-

duced by satellites is 8:6�1015 bits per day. Two steps need to be taken

to convert this information into a form appropriate for queries: (1) some

signal processing of the image data needs to be performed, and (2) the

image at each grid point needs to be converted into information indicat-

ing the type of ground cover (wheat, rice, rock, etc.), and the state of

the ground cover (dormant, germinating, ready for harvest, etc.). This

�nal form we call a model, which consists of an identi�er and a state. It

is this form that is of most use to those making queries of the database.

Since perfect matches with models will be rare, the database will need

to associate with each grid point several \closest matching models." For

simplicity, we assume that there will be 105 di�erent identi�er/state

combinations, and that 32 closest matching models will be retained for

each grid point.

The resulting data rates generated by the satellites are summarized in

Figure 4.2. Notice that if the down link rates per satellite were increased

to 1011 bits per second, nearly every grid point could be sampled each
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day.

The signal processing typically will require computing the Fourier

transform of the image and performing some �ltering operations on the

resulting set of spectral coe�cients. Using some distance metric, these

�ltered spectral coe�cients then are compared against a table of spec-

tral coe�cients for di�erent identi�er/state combinations and \closest

matching models" are selected.

For simplicity, we assume that the signal processing required is a small

integer multiple of the cost of performing a Fourier transform of the im-

age attached to each grid point. Each of these images is a 103� 103� 8

array of intensities. Assuming an n point fast Fourier transform takes

n logn 
oating point operations, the signal processing required per grid

point is 8�107 FLOPS. Since the satellites can transmit 1:56�105 images

per second, we will need roughly 1:25 � 1013 
oating point operations

per second just to perform the basic signal processing. This computa-

tion, however, is highly parallelizable and requires little inter-processor

communication, since each image can be processed independently.

For template matching, we need to match against 105 total models.

Each grid point consists of 8 � 106 spectral coe�cients, and the dis-

tance between these coe�cients and the corresponding coe�cients of

each model must be computed. Using the simple minded approach of

computing the distance between the image and each of the models will

require a total of 8�1011 operations for each grid point. Since 1:56�105
images are provided by the satellites each second, 1:25� 1017 compar-

isons will be required per second. Without improving the comparison

algorithm, this dominates the signal processing cost. Again this com-

putation is highly parallelizable. Storing the data required by the 32

closest matching models will require 532 bits.

A database consisting of one set of 32 models per grid point would

require 7:92� 1014 bits. The satellites will produce 7:18� 1012 model

bits per day (since not every grid point is modeled each day). Thirty

years of modeled data will require 9:8 � 1015 bits of modeled data, or

one petabyte.

It is not su�cient to preserve the transformed (modeled) versions

of the data. Over time, improved templates will be developed and it

then will be useful to re-do the template matching. Each day, the data

produced by the satellites in compressed grid point images is 8:4� 1015

bits. The raw data produced by the satellites over a 30-year period is
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N cost N logN cost N2 cost

All archived data 1:14� 1017 6:04� 1018 1:12� 1033

U.S. data, one sample/grid 5:73� 1014 2:61� 1016 1:12� 1028

Farm 104 acres 4:68� 106 8:72� 107 1:90� 1012

Figure 4.3
Query processing time in operations per second

at least 1:18� 1019 bits, or one exabyte.

Database Queries. Queries of the global surface database will be

made by agricultural planners, economic planners, city planners, cli-

mate modelers, sociological studies, political studies, etc. We anticipate

upwards of 106 queries per day or 12 queries per second, each query

requiring correlations over varying regions of the database.

The processed database is approximately 1015 bytes. Some queries

will use substantial portions of the database and the queries will need

to be answered on the order minutes. (For reference, the United States

is 1=16 of the land mass of the planet.) A query that needs access to

the entire database in �ve minutes would require a bandwidth of 32:8

terabytes per second. Accessing a single model set for each grid point in

the United States in �ve minutes requires bandwidth of 165 gigabytes

per second.

The table in Figure 4.3 estimates the computational cost required for

di�erent classes of queries. It is assumed that 106 queries per day are

to be processed and each is identical. Three di�erent size queries are

estimated: (1) one that uses the entire data contained in the database,

(2) one that uses the data corresponding to one sample for each grid

point in the United States, and (3) one that uses the data corresponding

to one sample for each grid point on a 104 acre farm. In addition, it

is assumed that the computation required to handle the query is either

linear, n logn, or quadratic.

Clearly, peta-operation machines will have di�culties with these query

rates if a query requires more than linear processing. However, even
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large-scale queries that deal with all of the archived information can

(barely) be handled by peta-machines if e�cient (linear) algorithms can

be developed.

4.4.9 Video Image Fusion with Virtual Environments:

Generating Interactive CyberScenes

Description: This application combines real-time video or other image

sensor data with solids models of an object or complex physical system

to create a CyberScene. This combined dataset provides users an im-

mersive virtual environment that can be explored in real time. Typical

applications include exploration via telepresence of dangerous, small or

large scale or otherwise inaccessible physical locations for example, re-

actor cores, deep sea vents, manufacturing 
oors, inside of human body,

etc. A system with 103 high-resolution (106 pixel) input video streams

(these video or other arrayed sensor data most likely will come from

highly integrated array cameras) requires a terabit per second (Tbps)

of input bandwidth and would be used to computationally reconstruct

a 1012 voxel 3D CyberScene object. This object will be merged with

any available CAD or solid model of the physical system. These CAD

or solids models may be based on 3D laser scans or other active scan-

ning databases but we do not consider the data or computational re-

quirements for active scanning here. We estimate real-time voxel recon-

struction to require on the order of a 105{106 
oating point operations

per voxel per second and 10{102 communications events. Communi-

cations events are needed for merging multiple pixels into a single 3D

pixel (voxel). Existing 3D image reconstruction systems are limited to

a small number of depth planes; therefore, we increase the number of

input sources to improve the number of depth planes in the �nal recon-

structed 3D image to provide uniform spatial resolution of the Cyber-

Scene. Output bandwidth requirements depend on the number of users.

We estimate 100 users would require a Tbps of output bandwidth to

provide for 100 high-resolution 3D immersive displays (CAVE or high

resolution head mounted displays).

System Requirements: This application requires a PetaFLOPS com-

puter system with between 103 and 105 processors. Global communica-

tion is required since voxel reconstruction requires parallel FFTs and/or

wavelets and correlation and registration of multiple image planes.
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Global communication is required for image registration; global sums

are needed for FFTs, correlation, etc. Total primary storage of � 1015

bytes is required. Multiple seconds of image data are required to be

in primary storage for motion estimation while motion parallax extrac-

tion requires O(1014) bytes, and underlying 3D solids model will require

O(1014) bytes, and additional primary memory is needed for bu�er space

for secondary store. The PetaFLOPS system requires signi�cant real-

time I/O capability both for user data streams but also for archival

storage of cyberspace events. Secondary storage will be used for both

archiving input directly, but also for recording and playback of events

(e.g., multiple Tbps to secondary store is needed). Secondary store ca-

pacity needs to be in the range of 10{100 petabytes. The algorithms for

CyberScene reconstruction can use computer systems with rather deep

memory hierarchies; however, it is not clear that this application can

make use of SIMD architectures.

Impact: CyberScene capability can have a broad economic impact. The

potential uses include: telepresence for dangerous environment work (re-

actors, contamination zones, biological hazards and deep sea construc-

tion, mining), simulation and training of workers for complex manufac-

turing environments (highly automated assembly lines), entertainment

and education, mass participation in remote space exploration activi-

ties (space station, lunar and mars based environments), 3D high-end

telecommuting, and merging of VR with RR.

4.5 Algorithmic Issues for the PetaFLOPS
Computer

Algorithms sit between the application and the machine and interact

with both. Advances in the performance and architecture of the machine

may have a serious impact on the choice of algorithms and vice versa.

The main algorithmic issue in going from a TeraFLOPS machine to

a PetaFLOPS machine is scalability (because the problems to be solved

on the latter will be necessarily much larger), in terms of both the algo-

rithmic e�ciency (i.e., the serial complexity of the algorithm) and the

parallelization e�ciency. Unfortunately, these are often two con
icting

goals.

We list, in Table 4.5, three di�erent types of algorithms viewed in
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Table 4.5
Characteristics of General Algorithm Classes

Type of Algorithm Example Algorithm Parallel

Scalability Scalability

Local/regular PDE time marching poor good

Monte Carlo poor good

global Pseudo time stepping poor good

Sparse matrix inversion poor poor

Multigrid good not optimal

dynamic/irregular Local mesh re�nement good poor

these two terms:

We expect a PetaFLOPS machine to have two essential features that

will in
uence critically the proper choice of algorithms: the memory

will be hierarchical (in terms of access time) and the processor inter-

connect will be hierarchical (e.g., a MIMD network of SIMD machines).

We expect that these architectures will favor algorithms that are also

hierarchical in nature, because there will be a better match in terms

of the algorithm's demand for synchronization/communication and the

e�ciency with which the machine can deliver them. For example, for

elliptic PDEs, a hierarchical architecture should favor hierarchical al-

gorithms such as multigrid and domain decomposition. These types of

algorithms require both local and global data interaction but the amount

of interaction decreases with the distance between the processors. Such

an architecture may also favor a preconditioned iterative approach where

the preconditioner can be chosen to better match the architecture.

On the other hand, a potential problem is that it is often di�cult to

implement hierarchical algorithms to run at perfect parallel e�ciency.

A PetaFLOPS machine will necessarily involve a large degree of paral-

lelism and it may increase the percentage of time an algorithm spends

on synchronization and communication (the Amdahl's Law e�ect). For

example, on the coarser grids, there are fewer data to keep the machine

busy. Much more research is needed, both in new algorithms that par-

allelize across grid levels and also in architectures that do not impose a

heavy penalty for these kinds of multilevel communication patterns.
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Another issue is problem scalability. For some problems, the scale-up

in the size of the problem does not give rise to increased parallelism.

For example, in certain molecular dynamics applications, one may want

to �x the number of molecules but increase the number of time steps.

Unfortunately, it is di�cult to extract parallelism in the time direction.

We may need to develop better algorithms to deal with these kinds of

problems.

A �nal issue is precision. We may need to increase the precision

as the problem size grows. For example, for many elliptic PDE prob-

lems, the conditioning grows like O(n2) (2nd-order problems) or O(n4)

(4th-order problems), where n is the number of grid points in each co-

ordinate direction. Therefore, for n = 104, a 4th-order elliptic solver

may not have any accurate signi�cant digits on current 64-bit word ma-

chines. A PetaFLOPS machine may need to have increased precision.

Alternatively, more stable and better conditioned discretizations can be

employed. For example, Monte Carlo methods are less sensitive to pre-

cision than those based on solving di�erential equations. Further, such

statistical methods are often straightforward to parallelize. Thus, we

anticipate that further investigation of Monte Carlo algorithms may be

important for PetaFLOPS scale applications.
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5.1 Introduction

The Device Technology Working Group addressed three areas of device

technology: semiconductor, optical, and superconductive. The work-

ing group explored the three device technologies with respect to current

state-of-the-art trends in research and development, projections about

device capabilities by the year 2014, and barriers and obstacles to achiev-

ing the requisite performance levels for PetaFLOPS computing.

The feasibility of a PetaFLOPS machine depends on the availabil-

ity of high-performance processor and memory devices. Assuming some

focused research initiatives, projections of future semiconductor device
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technologies indicate that PetaFLOPS computing machines can be sup-

ported. In addition, where feasible the group developed speci�c rec-

ommendations about research and development areas that need new or

enhanced funding and direction.

5.2 Silicon Device Technology

Devices resulting from evolutionary progression of complementary metal

oxide semiconductor (CMOS) technology are most likely to be used in

PetaFLOPS systems. CMOS dominates current device technology, and

enjoys very high levels of continuous world-wide investment. It is perva-

sive with an infrastructure in place to support every aspect of research,

development, design, and application. Also, the technology is su�ciently

well understood that future device capabilities can be predicted with

only modest risk. Asserting the merits of CMOS, however, is not a

recommendation to ignore other device approaches. Research and de-

velopment over the next two decades will result in new high-performance

device technologies which may be well suited for PetaFLOPS computing

systems. Proposed alternative approaches will be measured against the

CMOS option, and they must show signi�cant advantages over CMOS

to be given serious consideration.

The working group explored expectations for deep submicrometer fea-

ture size CMOS devices and identi�ed the 0.05 micrometer technology

generation as capable of supporting PetaFLOPS machines in about the

2015 time frame. Also, it is possible that PetaFLOPS machines can be

built earlier using larger feature size technology|if circuit design and

architectural schemes provide added performance. Using the 0.05 mi-

crometer technology as a reference point, the viability of the physical,

electrical, and thermal aspects of a PetaFLOPS machine were consid-

ered.

The potential for using future CMOS technology to build PetaFLOPS

machines was examined in four phases. First, the characteristics of ex-

isting and emerging processor devices were reviewed. Second, the scope

of existing technology predictions was evaluated. Third, focused scaling

and engineering judgment device predictions were developed. Finally,

the utility of the predicted device technology for PetaFLOPS machines

was examined.
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5.2.1 Existing Silicon Devices

An important factor to remember in discussing present day devices is

that they represent one sample point about 70% of the way through an

approximate 17-year life cycle. A technology generation goes through

three phases of maturity: a seven-year research period, a �ve-year de-

velopment period, and a �ve-year manufacturing period. For any given

generation, identifying when one period ends and another begins is di�-

cult, and devices from di�erent technology generations co-exist in time.

Leading-edge microprocessors being shipped today were introduced

in the 1992{1993 time period. Fabrication technology minimum feature

size ranges from 0.8 micrometers down to 0.6 micrometers. In 1994,

processors will be introduced that exploit 0.5 micrometer technology.

About a two-year lag exists between the technology roadmap year and

the actual introduction of the technology in a microprocessor product.

Current commercial device complexity, measured in terms of transistor

count, is about 3 million transistors per chip. The Intel Pentium and

the TI Super Sparc are at the high end with 3.1 million transistors, and

the IBM/Motorola PowerPC 601 follows with 2.8 million.

New 1994 chip announcements already are signi�cantly changing both

device complexity levels and architectural approaches. The TI 320C80

digital signal processing device, with �ve separate programmable pro-

cessors, has about 4.5 million transistors. Another example is the 26

million transistor Analog Devices 21060 chip. Its high transistor count

arises from its large amount of memory. Power dissipation for current

devices ranges from about 1 watt to 30 Watts. CMOS dissipation is

usually dominated by dynamic power (i.e., CV2f).

Fabrication processes developed for low voltage operation provide an

important edge in achieving high throughput per watt performance. For

a given voltage level, power is a function of circuit design and speci�c

operating mode rather than an intrinsic technology characteristic, and

the power variation between chips can be expected to remain large.

Single-chip microprocessor packages vary from about 168 to 504 pins.

Signal pin counts will grow in the near term, but will not be a univer-

sal phenomena. Some processor designs will move high pin count signal

interfaces on-chip. An important issue related to pin out is the need

for multiple power and ground connections. In order to reduce series

inductance, high-performance devices will move rapidly to hundreds of
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Table 5.1
National Roadmap for Semiconductor Technology (1992 Version)

Year 1995 1998 2001 2004 2007
Feature size (microns) 0.35 0.25 0.18 0.12 0.1

Gates/chip 800k 2M 5M 10M 20M
Bits/chip DRAM 64M 265M 1G 4G 16G
Bits/chip SRAM 16M 64M 256M 1G 4G

Wafer Processing Cost ($/cm) 3.90 3.80 3.70 3.60 3.50
Chip size (mm2) logic
per microprocessor 400 600 800 1000 1250

Chip size (mm2) DRAM 200 320 500 700 1000
Wafer diameter (mm) 200 200{400 200{400 200{400 200{400

Defect Density (defects/cm2) 0.05 0.03 0.01 0.004 0.002
Interconnect levels (logic) 4{5 5 5{6 6 6{7

Max power (W/die)
high performance 15 30 40 40{120 40{200

Max power (W/die) portable 4 4 4 4 4

Power supply (V) desktop 3.3 2.2 2.2 1.5 1.5
Power supply (V) portable 2.2 2.2 1.5 1.5 1.5

Number of I/Os 750 1500 2000 3500 5000

Performance (MHz) o�-chip 100 175 250 350 500
Performance (MHz) on-chip 200 350 500 700 1000

power system connections. A long-term expectation is that the posi-

tioning of device pads will move from the perimeter of chips to over the

entire surface of the die.

Clock rates are typically 60MHz for high-performance computers pro-

duced in volume, and some chips run as high as 200MHz. A new version

of the DEC Alpha chip fabricated with 0.5 micron technology is expected

to run with a 300MHz clock. It is now common for chips to employ on-

chip clocks which are much faster than the o�-chip clock. Factors of two

times, three times, and four times are being used.

5.2.2 National Roadmap for Silicon Technology

The existence of a national roadmap for the development of semicon-

ductor technology greatly simpli�es the task of visualizing the future

capabilities of CMOS devices. The Semiconductor Industries Associa-

tion sponsored the development and publication of a national consensus

roadmap to aid in research and development planning. The essence of
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the 1992 version of the roadmap is captured in Table 5.1. Unfortunately,

the map does not project far enough in time to address the PetaFLOPS

challenge.

The roadmap presents a vision of successively reduced feature size

CMOS generations extending forward at a three-year intervals. Each

new generation can support memory devices of four times greater density

that the previous generation. The 1992 map stopped at 0.1 micrometers

because reduced insulator thickness was expected to result in undesired

conduction mechanisms such as tunneling, and also that subthreshold

leakage would restrict device options. It seemed that a paradigm shift

to quantum mechanical devices was likely: that the historic CMOS pro-

gression would �nally end.

Since the 1992 roadmap was prepared, however, additional learning

has taken place. Expectations now are that more or less conventional

CMOS technology generations will continue until at least the 0.05 mi-

crometer level, and perhaps as small as the 0.025 micrometer level. Also,

power dissipation is expected to receive a great deal of development at-

tention, and that the dissipation of even very high-performance chips

will be modest. Because the roadmap is a living document, the Semi-

conductor Research Corporation is hosting planning sessions to revisit

the predictions with a view to maintaining a technology plan that is

updated every few years, and always extends forward about 15 years. A

revised roadmap is expected to be issued in November, 1994.

5.2.3 Projected Year 2015 Devices

Can CMOS technology meet the needs of PetaFLOPS computing ma-

chines? This question was examined by projecting the capability of

a typical 1994 processor to very small feature size devices. This ex-

ploratory exercise led to the conclusion that a year 2015 device based

on 0.05 micrometer technology could be a reasonable building block for

a PetaFLOPS system. Table 5.2 summarizes the results of the working

group's \extrapolations" from 2007 to 2015.

The tabulated technology parameters are a simple extension of the

published technology roadmap together with the assumption that all

three device generations will use 0.9 volt supply voltage. The present

heavy development focus on portable equipment assures that low voltage

processes and low power circuit techniques will emerge for even high-

performance circuits.
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Table 5.2
CMOS Technology and Parallel Processor Chip Projections

Technology Roadmap Year 2007 2010 2013
Device Introduction Year 2009 2012 2015

feature size 0.1 0.07 0.05
Technology Characteristics voltage level 0.9 0.9 0.9

clock (MHz) 1000 1400 2000

Processor Chip peak thru-put (GFLOPS) 128 360 1024
with 1 MByte chip power (Watts) 28 54 110

Memory per Node chip memory (MBytes) 64 128 256
number of nodes 64 128 256

Processor Chip peak thru-put (GFLOPS) 32 90 256
with 8 MBytes chip power (Watts) 22 44 89

Memory per Node chip memory (MBytes) 128 256 512
number of nodes 16 32 64

Processor Chip peak thru-put (GFLOPS) 16 45 128
with 16 MBytes chip power (Watts) 20 39 80
Memory/Node chip memory (MBytes) 128 256 512

number of nodes 8 16 32

Power density (Watts/unit area) in the memory regions of each chip

was assumed to be lower than in the processing logic regions. Also,

it was assumed that memory power increased by a factor of only 1.4

when the memory capacity doubled. The most di�cult aspect of device

scaling is expected to be management of the on-chip interconnect. If

device dimensions are to scale in accord with the minimum feature size,

the number of layers of interconnect must grow and the pitch between

interconnect lines must shrink to accomplish the improved density. It is

unlikely that a simple continuation of present day interconnect practices

will accomplish the necessary improvement. At the very least, hierar-

chical levels of interconnect are anticipated, and it is likely that some

portion of the interconnect function will be performed in an o�-chip

substrate.

No sophisticated device architectural innovations are assumed in pre-

dicting device throughput. The assumption is that two instructions will

be executed per clock period. (This, however, is a very pessimistic as-

sumption. At these small feature sizes, the area penalty for using very

elaborate node architectures is nil, and the trend most probably will be

to increase greatly the instructions per clock period.) The only architec-
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tural matters touched on are the amount of memory per node and the

number of nodes per chip. The arbitrary memory sizes of one megabyte

per node and eight megabytes per node were chosen to illustrate the

general nature of the memory sizing trade-o�. The two issues of concern

are the bandwidth of the processing node to memory connection, and

the device and system level power dissipation.

In addition to the processor chips discussed above, a PetaFLOPS ma-

chine will require memory devices. In view of the historical record,

there is no rationale for assuming anything other than that the den-

sity progression expressed in the 1992 roadmap will continue through

the 0.05 micrometer generation. At 0.1 micrometers, the roadmap pre-

dicted 16 gigabyte DRAMs. Using the rule of thumb of a four times

density increase per generation leads to a prediction of 256 gigabyte de-

vices at 0.05 micrometers. Achieving this density seems impossible from

the perspective of the current state of the art, but such has been the

case for all past projections of electronic device capabilities two decades

into the future.

Another speculation is that it will be necessary to build SRAM parts

rather than DRAM because of subthreshold leakage concerns. If that is

the case, the density should be predicted to be one-fourth of the DRAM

value, or 64 gigabytes.

To be useful for PetaFLOPS applications, the memory device archi-

tectures must be revised to provide very high I/O bandwidth. Wide

words will be the norm. The chips will have area array connections to

support both a large number of signal lines as well as distribution of

power and ground to local regions on the chip.

5.2.4 Technology Suitability for PetaFLOPS Machines

To achieve a viable component count for a PetaFLOPS machine, the

building block processor chip must provide about 100 GigaFLOPS

throughput. Using circuit architectures comparable to those of today's

devices, only two to four GigaFLOPS per node are predictable based

on growth of fabrication technology speed capability. In other words,

viable chip designs should contain 32 or more nodes.

To sustain continuous computation each node must have high-speed

access to memory to obtain instructions and data. A design decision

must be made as to how much memory should be placed on the pro-

cessor chip with each node, and how much o�-chip memory needs to be
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available for high-speed access by the multinode chip. The traditional

approach has been to use o�-chip memory as the primary memory re-

source, and limit on-chip memory to registers and small amounts of

critical cache.

For a given target chip area (based on fabrication economics), the

addition of node memory reduces the number of nodes per chip and

increases the power per node. On-chip memory requires much less power

than the equivalent amount of o�-chip power, so the net system power

is probably reduced as on-chip memory increases. If only small amounts

of memory are included on-chip, it is likely that at least one memory

chip will be required for each processor chip.

The problem of processing node-to-memory communication is a cen-

tral machine design issue. With multi-gigahertz clock rates, the

processor-to-o�-chip memory interface is a di�cult problem. Ideally,

every on-chip node should have a wide bandwidth connection directly

to the o�-chip memory resources. Even with 
ip-chip area array de-

vices, the physical limitations of pin count, electrical connection paths,

and power dissipation make this arrangement very di�cult. The o�-chip

memory is forced to be a shared resource, and it is probably be a limiting

factor for throughput.

Use of on-chip memory eases the processing-node-to-memory interface

problems. Pin count limitations are eased, and wide communication

buses are practical. Shorter processor-to-memory connection lengths

result in reduced line loading, smaller drivers, and less power dissipation.

Because the memory and processor are designed at the same time, the

detailed architecture, timing, and control of the memory can be tailored

to meet the needs of the processor. In general, higher performance is

achievable. To illustrate some of the general features of a potential

0.05 micrometer technology, CMOS-based PetaFLOPS machine, a few

parameters are tabulated in Table 5.3.

Machine processor chip count, power, and on-chip memory are listed.

Each row corresponds to the chip classes presented in the previous pro-

cessor chip projection table. For example, the last row in the table is

based on a 0.05 micrometer technology, 16 megabyte per node, 32-node

chip. For these architectural variations, the processor chip count varies

from about 1,000 to 8,000. The power varies from about 100 kilowatts

to over 600 kilowatts. When the need for external memory chips is in-

cluded, the power could easily double. Use of lower on-chip memory
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Table 5.3
Processor Chip Requirements for a PetaFLOPS Machine Using 0.05 Micron
Technology

Chip Chip Chip Number Power Memory
GFLOPS MBytes Watts of chips kwatts GBytes
1024 256 110 977 107 250
256 512 89 3906 348 2000

128 512 80 7813 625 4000

devices such as the one megabyte per node option will reduce the pro-

cessor chip count (i.e., the same node count but more nodes per chip),

and will increase the requirement for o�-chip memory.

In light of what has been achieved manufacturing supercomputers in

the past, none of these parameters pose unmanageable problems. In

fact, the assumption of no throughput improvement derived from ar-

chitectural innovations makes these predictions overly conservative. If

devices of this density and level of performance can be produced, the

implementation of a PetaFLOPS processor becomes largely an engineer-

ing problem. The physical structure and thermal management issues

are similar to those associated with past supercomputer designs. The

electrical interconnect and clock distribution at gigahertz rates will be

di�cult, but solutions can be achieved. Problems requiring some re-

search and development will be the distribution of a 0.9 volt supply

and ground, and the management of switching noise. For the 0.05 mi-

cron generation it appears that PetaFLOPS machine construction will

be viable with considerable margin. For the 0.1 and 0.07 micrometer

generations, architectural features probably can be introduced to pro-

vide enhanced node throughput. If that proves to be true, PetaFLOPS

machines can be introduced many years earlier.

5.3 Optical Devices

Interconnects, memory, and processors constitute the three main sectors

of any computing system. The potential impact of optics on each of these

sectors is described in this section.
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5.3.1 Interconnects

Due to the uncharged nature of photons, optical interconnections po-

tentially o�er freedom from mutual coupling e�ects. This character-

istic greatly di�erentiates optical interconnections from electrical ones

based on charged carriers (i.e., electrons). Because the mutual coupling

between electrical interconnects increases with increasing signal fre-

quency, the advantage of optical interconnects becomes more important

as the need for interconnect bandwidth increases. Although advanced

dielectrics can overcome the electrical coupling e�ects at the lower fre-

quencies, at frequencies approaching the GHz range the frequency de-

pendence of known dielectrics leads to severe limitations for electrical

interconnects at the bandwidths that will be required for PetaFLOPS

computers.

The uncharged nature of photons leads to another advantage for op-

tical interconnects in PetaFLOPS computers: lower power consumption

for the longer interconnects. With electrical interconnects the charge

of the electrons leads to a distributed capacitance along the intercon-

nects. Consequently, to accompany the resistivity of metallic conduc-

tors, electrical interconnects have an energy requirement that increases

with increasing interconnect length. But, for optical interconnects, the

energy requirement lies with the optical source and the optical detector

rather than distributed along the interconnect. Therefore, beyond some

distance (dependent on many link parameters), the optical interconnect

becomes more energy e�cient. Since this break-even distance can be

as small as subcentimeter, optical interconnects can lead to a consid-

erable energy savings for large computing systems such as PetaFLOPS

computers, that likely will have hundreds of thousands of interconnects

longer than a centimeter (or whatever the break-even distance is).

Optical interconnects have numerous other advantages that may be

important to PetaFLOPS computing, such as the ability to frequency

multiplex optical signals, electrical isolation between optically intercon-

nected electronic circuits, increased fan-out capability (due to a freedom

from capacitive loading e�ects), and a greater 
exibility of routing be-

cause optical beams can pass through one another, and the freedom from

routing signals in the presence of ground planes. But, the advantages of

larger bandwidths and lower energy requirements for the longer inter-

connects are the most important reasons for optics in PetaFLOPS com-
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cially available �ber optic networks are now being used for computer-

to-computer interconnects and computer-to-peripheral connections. As

the need grows for higher performance systems, guided optical intercon-

nects will start to see use within the computer, possibly as far down

into the packaging hierarchy as MCM-to-MCM (multichip module, or

wafer-to-wafer).

Electrical interconnects achieve some bandwidth enhancement

through time division multiplexing (TDM) and spatial multiplexing

(e.g., ribbon cables). But the immense bandwidth available in opti-

cal waveguides (�THz) has opened up additional avenues to bandwidth

enhancement for optical interconnects, namely, wavelength division mul-

tiplexing (WDM) and subcarrier multiplexing (SCM). This added capa-

bility could be critical for TeraFLOPS systems due to parallelism re-

quirements that could exceed one million channels. Novel schemes for

combining spatial multiplexing with TDM, WDM, and SCM for optical

interconnection may be needed.

Free-Space Interconnects Guided optical interconnects su�er from

one of the disadvantages of electrical interconnects, that is, the need for

a physical guiding medium. This leads to several serious packaging lim-

itations in applications (e.g., PetaFLOPS computers) requiring a large

number of interconnections. First, only one physical guide can occupy a

given position in space, and second, attaching a large number of guides

to an optoelectronic component is di�cult and costly. Free-space opti-

cal interconnects, however, do not require a \guide"; therefore, a large

degree of spatial multiplexing is possible. For example, a 100� 100 ar-

ray of vertical-cavity surface-emitting lasers (VCSELs) could be used to

transmit 10,000 signals simultaneously to an array of photodiodes in any

speci�ed pattern. This can be done far more compactly than through

10,000 �bers.

The value of free-space interconnection in the PetaFLOPS environ-

ment can be appreciated by considering two of the architectural scenar-

ios that have been proposed for such systems. For the scenario of ten

thousand 100-GigaFLOPS CPUs, on the order of 100 billion memory

accesses per second will be required. Assuming a 64-bit word, this im-

plies a 6,400 gigabytes/sec transfer rate between processor and memory,

requiring 64 100-gigabytes/sec optical interconnects. In addition, as-

suming one of 10 CPU instructions is I/O with a peripheral (implying a
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640 gigabytes/sec transfer rate), seven 100-gigabytes/sec �bers would be

required. Finally, assuming one of 100 CPU instructions involves com-

municating with another processor (implying a 64 gigabytes/sec transfer

rate), an additional 100-gigabytes/sec link would be required.

If the computer is packaged as 10 MCMs per board, 10 boards

per card cage, and 10 card cages per rack, then assuming a fac-

tor of 10 increase in connectivity from rack-to-card cage-to-board-to-

MCM, 64 100-gigabytes/sec connections between processor and memory

(rack-to-rack) implies 640 10-gigabytes/sec links between card cages,

and 6,400 one-gigabyte/sec links between boards, and 64,000 100-

megabytes/sec connections between MCMs. Since there are 10,000

CPUs (1 CPU/MCM), the �gures translate into (64+7+1)�10; 000 =

720; 000 100-gigabytes/sec optical links and 640� 10; 000 = 6; 400; 000

10-gigabytes/sec optical links, a packaging and manufacturing night-

mare. For the architectural scenario of 100,000 10-GigaFLOPS CPUs,

the above reasoning leads to a requirement for 800,120 100-gigabytes/sec

links and 7,000,000 10-gigabytes/sec links. Free-space implementation

does not need a physical guiding medium for each individual beam,

thereby greatly simplifying the problems in attempting to interconnect

such computing systems.

Free-space interconnects have the additional advantage of being recon-

�gurable en-mass by modifying a beam steering element (e.g., a di�rac-

tion grating or hologram) in the media through which the interconnect

beams pass. This could lead to special-purpose machines becoming more

general purpose, and to computing systems enhancing performance by

selecting the interconnection structure most appropriate for the task at

hand at any instant of time.

5.3.2 Memory

The past 10 years have seen the optical storage business go from non-

existent to a rapidly growing business o�ering a diversity of products

with enhanced storage capacities, such as disks (128 megabytes to 20 gi-

gabytes), tape (50 gigabytes to 1 terabyte), and card (4 megabytes).

Two of the major attractions of optical storage systems are their abil-

ity to store large amounts of information in a reasonably small volume

and their long storage times (> 10 years). Although the existing media

are planar, there is considerable research into three-dimensional (and

even four-dimensional) optical storage systems. These will be treated
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separately for the purposes of this technology introduction.

Planar Optical Storage Of the planar optical storage techniques,

the one most appropriate for PetaFLOPS systems is the optical disk

technology with a potential capacity approaching 100 gigabits and a

data transfer rate as high as 10 megabytes per second; however, like

magnetic disk technology, it su�ers from a relatively slow access time

(milliseconds), due to the reliance on mechanical motion. Although

there has been research into optoelectronic and acoustooptic scanning

of planar media, the systems continue to consist of a rotating medium

being addressed by a single optical head.

Because PetaFLOPS systems will require large throughput of data,

optical disk systems must increase the readout data rate. This may

be accomplished by employing parallel readout, a solution whose time

has probably arrived. If the bits to be read out in parallel are stored

adjacent to one another in some rectangular or circular area, a single

laser beam can be used to illuminate this area, and the bits can be read

out in parallel via a two-dimensional photodetector array. If the bits can

not be stored in such a regular pattern, the optical addressing may be

accomplished by using a free-space interconnect system as was described

above.

3-D Optical Storage Three-dimensional storage, a phenomena which

has eluded systems, uses electrical interconnects to address the storage

locations, such as conventional electronic and magnetic memories. Due

to the uncharged nature of photons, light beams can pass through a 3-D

transparent storage media to address any site in the storage volume.

Although individual sites can be addressed in some of the 3-D systems,

the tremendous capacity (thousands of petabits or more) leads to page

addressing. Although the access time for locating a page may be rel-

atively slow (microseconds or more), the readout data rates have the

potential to be exceptionally fast (megabits per nanosecond).

Numerous 3-D storage systems have been proposed, but those appear-

ing to receive the most attention are: holostore based on photorefrac-

tive rods (potential capacity of a terabit and data transfer rate of 10

terabits per second) [?], two-photon 3-D memory (potential capacity of

0.1 petabit and data transfer rate of a terabit per second) [?], and spec-

tral hole burning. Larger capacities than a terabit have been proposed

for holographic storage by combining it with spectral hole burning (4-D
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memory) to achieve capacities of a petabit, but the high risk of such a

storage concept at the present time resulted in the working group not

considering to propose this for a PetaFLOPS program.

5.3.3 Processors

It seems reasonable to assume that for the foreseeable future, the elec-

tronic transistor will be superior to its optical equivalent in terms of size,

ease of VLSI integration, and power consumption. Given this assump-

tion, the working group believes it is reasonable to assume that the CPUs

of computers will remain electronic for some time. At the same time,

because of the high bandwidth achievable in optical devices, it seems

reasonable to assume that they will be used in simple and regular archi-

tectures. These include neural networks and communications-intensive

applications, such as data communications switching in which optical

switching could avoid a massive number of photon/electron conversions.

Therefore, optical switching might have some role to play in PetaFLOPS

computers, e.g., controlling high-speed networks, but will not likely be

used for the central processors.

5.4 Projections for Technology Development

Optical interconnects and optical memory are both relatively immature

technologies, having reached the marketplace with initial products just

within the past decade. But both are rapidly emerging, with many

envisioned products in sight. As discussed above, some of these are

strong candidates for realizing a PetaFLOPS computing capability. The

three tables that follow re
ect the working group's projections about the

extent the technologies will continue to emerge over the next 20 years.

These projections provide a basis for hardware decisions in planning the

development of PetaFLOPS systems.

Tables 5.4 and 5.5 address optical interconnects, dividing them into

guided interconnects and free-space interconnects. This division is nec-

essary since the application of these two types of optical interconnects in

PetaFLOPS computers is quite di�erent; while the guided interconnects

will function mostly as point-to-point interconnects, the free-space inter-

connects will function as broadcast and random interconnects. The �rst

line of each table provides baseline information by giving an example
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Table 5.4
Projections for development of optical guided wave technologies for optical
interconnection.

Emerging Capabilities for Guided Optical Interconnects

Example Speed Power Technology

Current HP 100 MB 100 Mb/s 1{2 Watts LED*

Capability AT&T 100 MB

SONET 2.5 Gb/s 10 Watts LD*

10-Year LD

Projection 100 Gb/s 1 Watt (WDM or TDM)*

20-Year LD

Projection 1 Tb/s 10 Watts (WDM and TDM)

*LED (Light Emitting Diode), LD (Laser Diode), WDM (Wavelength

Division Multiplexing), TDM (Time Division Multiplexing)
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of where the technology is now. Table 5.6 addresses optics for memory.

The largest impediment to the introduction of optical interconnects is

cost. It is expected that optical interconnects will continue to ride the

learning curve in terms of costs.

5.5 Optical Technology Mapped onto Proposed
PetaFLOPS Scenarios

Three scenarios for constructing a PetaFLOPS computer were presented

by the Architecture Working Group. The �rst was a network of su-

percomputers (e.g., Cray-type machines), the second was a network of

high-performance, massively parallel workstations (e.g., Intel Paragon),

and the third was a �ne-grain, active memory machine. From the stand-

point of establishing interconnect and memory requirements, these three

architectures can be summarized in terms of their degree of parallelism

and their grain size in the following manner:

1. 104 100 GigaFLOPS CPUs

2. 105 10 GigaFLOPS CPUs

3. 106 1 GigaFLOPS CPUs

Interconnects For the purpose of matching the capabilities of optical

interconnects with the projected needs of the three proposed architec-

tures, the working group divided each architecture into a plausible pack-

aging hierarchy of integrated circuits (ICs), MCMs (or wafers), boards,

card cages, and racks. This is equivalent to dividing the problem into

levels of FLOPS that must be processed. For example, for scenario 3, an

IC is likely to accommodate 10 CPUs for a total processing capability

of 10 GigaFLOPS, an MCM would be about 10 ICs, resulting in 100

GigaFLOPS, etc. Moving up to scenario 2, each IC would likely be a

CPU, thus having the same 10 GigaFLOPS capacity as was the case at

the IC level for scenario 3. The packaging hierarchy that the working

group used is illustrated in Table 5.7, which lists the most promising

optical interconnect methodologies recommended by the working group

for each level of the packaging hierarchy and for each of the three scenar-

ios. The need for free-space optics at the IC-to-IC and MCM-to-MCM

levels will vary depending on the degree of coupling that is desired. For
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Table 5.5
Projections for development of optical free-space technologies for optical
interconnection.

Emerging Capabilities for Free-Space Optical Interconnects

Example Perf. Speed/ Power Technology
Channel

Current AT&T
Capability Switching 0.15 150 10 S-SEED*

Fabric Tb/s MB/s Watts

10-Year 1 10 100 FED-SEED
Projection petabit/s Gb/s Watts MQW Mode

VCSEL*

20-Year 10 10 1 KW VCSEL
Projection petabits/s Gb/s Smart

Pixels

*S-SEED (Symmetric Self Electrooptic E�ect Device), FET-SEED

(Field

E�ect Transistor Self Electrooptic E�ect Device), MQW Mod. (Multi-

ple

Quantum Well Modulators), VCSEL (Vertical-Cavity Surface-Emitting

Laser Diodes).
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Table 5.6
Projections for development of optics for memory.

Emerging Capabilities for Optical Memory

Example Memory Access Transfer Technology
Size Speed Rate

Current CD 600 10 30 Optical Disk
Capability ROMs Mbytes millisec. MB/sec.

10-Year 0.1 1 1015 Two-Photon
Projection petabit microsec. bits/sec. Medium

Holographic
with SHB*

Acousto-optic
Scanners

20-Year 100 0.1 1015 Two-Photon
Projection petabits microsec. bits/sec. 2-D SLM

Addressed*
Database Filters

*SHB (Spectral Hole Burning), SLM (Spatial Light Modulator).
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Table 5.7
Places within PetaFLOPS computer hierarchy where various optical interconnect
technologies will likely be needed. This is shown for each of the three proposed
PetaFLOPS architectures.

Optical Interconnects for PetaFLOPS Computers
IC-to-IC MCM-to-MCM Inter-Board Inter-Card Cage Inter-Rack
(10 GF) (100 GF) (1 TF) (10 TF) (100 TF)

Free-Space Guided Fiber Fiber Ribbon Fiber Ribbon
104 Free-Space Free-Space Fiber WDM* Fiber WDM

100 GF Optical MIN* Fiber TDM*
CPUs 100 GHz

Fbr.
1 CPU 10 CPUs 100 CPUs 1000 CPUs

Free-Space Optical MIN Full Opt. LAN
105 Opt. LAN* Connectivity Optical

10 GF 100 GHz Fbr. Crossbar
CPUs

1 CPU 10 CPUs 100 CPUs 1000 CPUs 10,000 CPUs

Free-Space Free-Space Free-Space Full Opt. LAN
106 Connectivity Optical
1 GF 100 GHz Fbr. Crossbar
CPUs

10 CPUs 100 CPUs 1000 CPUs 10,000 CPUs 100,000 CPUs

*WDM (Wavelength Division Multiplexing), MIN (Multistage

Interconnection) Network), TDM (Time Division Multiplexing),

LAN (Local Area Network)

example, for scenario 3, the sheer magnitude of the interconnecting net-

work needed to provide a high degree of coupling among the one million

processors will probably necessitate free-space optics.

Note that free-space optics is shown as impacting the processor level

of scenario 1 (where multiple ICs will be needed for each CPU) even

though it was stated earlier that optics had little foreseeable impact for

processors. Free-space optics was included here after receiving the report

of the semiconductor working group that noted the probable avenue to

100-GigaFLOPS processors was via three-dimensional stacks of chips

with interchip optical interconnects. It is within the reach of today's
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Figure 5.2
Three-dimensional Packaging of VLSI Chips using Optical Interconnection.

technology for a chip 10 mm on a side to be bump bonded to a 100�100
optical modulator or laser diode array, providing 10,000 pinouts between

adjacent chips in a stack as illustrated in Figure 5.2. It is projected that

within 10 years, the number of optical pinouts could increase by at least

an order-of-magnitude. Although optics is an integral part of such a

processor, its function is really interconnection rather than processing.

Memory Table 5.8 is the optical memory counterpart to Table 5.7,

which was for optical interconnects. It will not be a technological chal-

lenge to provide su�cient memory capacity for PetaFLOPS systems, but

research is needed to improve access times for optical memories. With

respect to CD ROMs, this may be accomplished by employing multiple

read-heads placed strategically around the disk. No matter what the

storage technology, increased access time goes along with increased ca-
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Table 5.8
Places within the PetaFLOPS computer hierarchy where various optical memory
technologies will likely be needed. This is shown for each of the three proposed
PetaFLOPS architectures.

Optical Memory for PetaFLOPS Computers
Cache RAM Disk Archival

104 Optically Intercon- CM ROM with CD ROM
100 GF nected 3D Memory LD Optical Tape
CPUs Electronic RAM Arrays*

105 Optically Inter-
10 GF connected 3D RAIDs* CD ROM
CPUs Electronic RAM Memory (CD ROM) Optical Tape

106 Optically Inter-
1 GF connected 3D RAIDs CD ROM
CPUs Electronic RAM Memory (CD ROM) Optical Tape

*ROM (Read Only Memory), LD (Laser Diode), RAIDs (Redundant

Arrays of Independent Disks)

pacity. But the advantage of optical memory is that it lends itself well

to parallel addressing due to the ability to image data from the memory;

therefore, once the desired data �eld has been accessed, the data readout

rates can be extremely high. This implies that optical memories may

be well suited to PetaFLOPS computers designed to work with large

two-dimensional data �elds, such as images and other multidimensional

signals.

Table 5.8 indicates places within the PetaFLOPS computer hierarchy

where various optical memory technologies will likely be needed for each

of the three proposed PetaFLOPS architectures.
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Table 5.9
Recommended research programs to support the insertion of optics technology into
PetaFLOPS computing systems.

Research Areas Needing Support Recommended Support ($M)

Smart pixel arrays 80

Interconnection optical 60

Optical memory backplane 40

3D memory addressing 50

Interface to Josephson Junction CPUs 40

Optical I/O for ICs 80

Optical CAD tools 50

All-optical terahertz logic 40

Optical radio 40

5.6 R&D Recommendations

A considerable amount of research and development remains to be done

to reach the projected performance levels listed above for the optics

technologies. Listed in Table 5.9 are the recommendations of the com-

mittee on research directions that need to be pursued in support of any

national thrust to develop PetaFLOPS computing systems. The dollar

amounts associated with each recommendation are rough estimates of

the investment needed over the next 10 years to ensure timely inser-

tion of the technologies. The �rst two items, smart pixel arrays and

interconnection optics, are already receiving some support, but the rec-

ommendation is to expand the support in these areas. The remaining

entries in Table 5.9 are recommended research programs to support the

insertion of optics technology into PetaFLOPS computing systems.

A brief discussion of each of the recommended research areas follows:

Smart Pixel Arrays provide the interface between parallel electronics

and parallel optics in that each element (pixel) of the array has both

electrical and optical inputs and both electrical and optical outputs, and

they provide a localized processing capability at each pixel. These arrays

will be critical for the realization of large-scale parallelism for optical
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interconnection and optical memory addressing. Research is needed in

integrating the electronics and optics, improving thermal management,

and providing adequate interfaces to the arrays.

Interconnection Optics includes conventional optics needed in the

guided or free-space channels. Research is needed to miniaturize light

shaping and directing elements (e.g., lenses and computer-generated

holograms), to realize single-mode �ber arrays, and to create an optical

\HIPPI" standard for 100-gigabytes/sec links.

Optical Memory Backplane calls for the development of optical in-

terconnections between memory boards for the purpose of realizing re-

quired fanouts in memory addressing. As mentioned previously, optical

interconnection avoids the capacitive loading problems associated with

fanouts in electrically interconnected systems that cause an increase in

the RC time constant. In addition, the outputs of the memory chips

have to be ORed together, creating quite a load on the drivers of these

chips, thus slowing them down. Optical ORing would be faster.

3-D Memory Addressing needs research to search for e�cient ways

to store and read out such large data stores, and to develop the required

technologies for rapidly focusing the addressing beams to the desired

spots within the 3-D storage media.

Interface to Josephson Junction CPUs calls for research to de-

velop optical links that can provide interconnections with the outside

world for processors inside the cryogenic environment. The problem

with electrical connections for this application is that they conduct heat

into the cryogenic chambers.

Optical I/O for ICs is intended to address the packaging issues re-

lated to providing ICs with optical interconnects, and to support a com-

petition between the electronic and the optical communities to determine

the demonstrated limits to how many I/O pins can be achieved on ICs

by electrical and optical interconnects, respectively.

Optical CAD Tools are the optical counterpart to the electronic CAD

tools that have been so successful in enabling system designers to work

with complex systems. Research is needed not only to develop needed

tools, but to integrate all of the available tools into a user-friendly CAD

system for optoelectronic design.
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All-Optical Terahertz Logic will be needed for high-speed con-

trollers for switched optical links (e.g., the optical crossbar), for high-

speed interface units needed to load and unload data to and from high-

performance �ber networks, and to implement multiplexers and demul-

tiplexers needed for TDM �ber networks.

Optical Radio is an interesting concept that should be researched as

a way of providing general interest data throughout PetaFLOPS sys-

tems (e.g., for distribution of instructions or maintenance of cache co-

herency). Many di�erent optical signals are broadcast simultaneously

to many di�erent receivers which choose which signals to \listen to" at

any particular time.

5.7 Superconductive Electronics for PetaFLOPS Com-
puting

Superconductivity o�ers unique and quite important performance fea-

tures to future supercomputing systems. The logic gates operate with

picosecond (10�12 sec) delays while dissipating microwatts of power.

Second, since the conductors have zero resistance at DC and very low

loss at multi-gigahertz frequencies, it is possible to exploit very wide-

band, impedance-matched transmission lines (a) on-chip, (b) between

chips and (c) between multichip modules (MCMs). In combination,

these features enable the construction of a supercomputer processor with

a multi-gigahertz clock rate. The very low power consumption allows it

to have a very small size, greatly alleviating the \time-of-
ight" prob-

lem inherent in multi-gigahertz clock systems. The device technology

and the other necessary building blocks are su�ciently advanced today

that a program to integrate them into a demonstration system should

be established. The essential hardware ingredients required to assemble

a machine based upon superconductivity are logic, memory, and inter-

connect.

5.7.1 Logic

Numerous workers in Japan and the U.S. have demonstrated circuit

performance with picosecond delays at the microwatt per gate power

level. In addition, VLSI level chips have been built and tested that show

the same fundamental performance. These demonstrations included on-
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chip RAM and ROM to maintain properly the level of functionality

needed at one GHz clock rates. The obvious conclusion is that circuit

and manufacturingmargins can be achieved at VLSI levels of integration,

albeit not at the density presently available in mature silicon technology.

5.7.2 Memory

Demonstrations of memory chip performance in purely superconductive

devices have not been as impressive in density per chip; nevertheless,

they have repeated the speed and power features of the logic circuits.

The level of research and development e�ort has been much smaller

than that applied to logic circuits. Thus, although only a 4K RAM

at 500 picosecond access time has been demonstrated successfully in

Japan, layouts have been made for 64K RAM chips expected to have

500 picosecond access time, and recently, 16K sections were built and are

under testing. Given the present all-superconductive circuits and what

is currently known, it is generally believed that the best path to follow

to achieve large memory chips at low power is to implement hybrids:

superconductor-semiconductor circuits. It is also expected that proper

use of cryogenic CMOS will assist in solving the speed/size requirements.

Nevertheless, it is feasible to build purely superconductive ROM and

RAM at levels of integration appropriate to \bu�ering" the processor

requests.

5.7.3 Interconnects

On-chip Circuits on a superconductive chip are basically low

impedance. The connections between these, of necessity and naturally,

are made with transmission lines. Since the lines involve \zero resis-

tance" metallurgy, they have very low dispersion and very low loss.

Therefore, routing around the chip is constrained fundamentally by time-

of-
ight rather than signal attenuation. (This zero resistance also can be

used as interconnect on semiconductor chips to reduce the interconnect

loss of submicron circuitry.)

Chip-to-Chip Multichip modules of high packing density and with

multi-gigahertz bandwidth are mandatory to transfer the on-chip cir-

cuit speed to the system level. Since the circuits are low impedance, the

VLSI chip and the multichip system call for high currents. Because the

power lines can be made of zero resistance buses, the voltage drop and
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cryogenic power supply waste can be made very small. On the MCM,

the signals themselves can once again be transferred by superconductive

transmission lines. It always will be necessary to have multiple levels

of wiring for a multichip system, and this is achieved by alternate lay-

ers of ground and connection lines which are spaced to form strip-line

or microstrip transmission lines. These low impedance lines have excep-

tionally low crosstalk, enhanced by the magnetic �eld expulsion inherent

in superconductivity. Such MCMs have already been built at three levels

of metallization and are now being fabricated at �ve levels for a 20-chip

superconductive crossbar.

An alternative approach has been demonstrated by KYOCERA in

conjunction with MITI's Electro-Technical Laboratory. They have built

a multilevel ceramic MCM with nine levels of tungsten connectors for

powering and three levels of superconductor for signal transport. The

\breakthroughs" here were the ability to make a ceramic that matched

the thermal expansion of the superconductive chips and the fabrication

of superconductive lines on this medium. The MCM is designed to

mount ETL's 4-chip prototype supercomputer and drive it at 1.25 GHz,

3.75 GHz, and �nally, at 10 GHz clock rates.

MCM-to-Room Temperature Connection A cryogenic system al-

ways will have signal and power connections to room temperature. The

data bandwidth for this interface will translate into hundreds of commu-

nications lines, each at gigahertz bandwidth. For latency reasons, this

physical separation must be kept short; but, for heat transport reasons,

should be kept long. Multi-gigahertz bandwidth, multiconductor copper

ribbon transmission line cables with acceptable heat transfer to connect

over a 6" path (800 picosecond delay) from room temperature to 4�

Kelvin have been built and tested successfully as interconnect elements

in a crossbar switch. This microstrip cable provides impedance-matched

communication from the room temperature electronics to the cryogenic

MCM and back to room temperature.

A system level of interconnection has been demonstrated at a pre-

liminary stage by a recent set of measurements on a three-chip super-

conductive crossbar cross section which operated at a 2.5 gigabytes/sec

serial data rate from room temperature sources through the cryoelec-

tronics and back to room temperature receivers. The full system, a

128 � 128, 2.5 gigabytes/sec per port crossbar is being constructed for
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use in shared-memory computing or ATM switching applications.

MITI's Electro-Technical Laboratory has built a second digital test

and demonstration system, a four-chip computer consisting of these

chips:

� Register and ALU

� Sequence Control Unit

� Instruction ROM

� RAM.

MITI's four-chip computer was tested at low speed in 1991 and shown

to be fully functional; its power dissipation was 6.2 milliwatts. The di�-

culties of powering, packaging, and interconnecting for very high speeds

have been addressed by a joint ETL-KYOCERA e�ort to develop a

ceramic substrate with multilevel wiring of both normal and supercon-

ducting metals.

In addition to the anticipated di�culty of making electrical connection

to room temperature is the well-known problem of providing the 1.0

volt level required by room temperature semiconductor electronics, given

the millivolt levels generated by superconductive electronics. Several

solutions have been demonstrated: ampli�cation at room temperature

by Fujitsu (Japan), State University of New York, Tektronix, and TRW;

cryogenic temperature ampli�cation by Fujitsu (Japan) and TRW; non-

linear thresholding by Fujitsu (Japan) and Tektronix.

5.7.4 Physical Limits

Superconductive technology has the advantage of being a quantum me-

chanical phenomenon. Its zero resistance is derived from binding ener-

gies on the order of the thermal energy at the material's critical temper-

ature (the temperature at which the metal becomes superconducting).

This binding energy sets the highest frequency at which the electromag-

netic photon will have enough energy to \break" the superconducting

paired electrons. This results in frequency \limitations" to below a tera-

hertz, or subpicosecond rise time. The power limitation of the devices is

set fundamentally by the requirement to store enough energy to exceed

adequately thermal noise at the operating temperature (always below its

critical temperature). The speci�c circuit/gate con�gurations are nor-

mally separated into those that switch between a zero voltage state and
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a voltage state (millivolt level), and those that store and transfer single


ux quanta. The �rst category of circuits have been well developed;

the second set are less well established. The second type o�ers approxi-

mately one-tenth the power consumption and higher speed operation.

The limitations imposed upon circuit density are those experienced by

not-yet commercial technologies: insu�cient acceptance and therefore

a narrow set of practitioners. The technology is practiced using the

same fabrication techniques as the semiconductor industry uses with the

addition of a di�erent metallization; it is also comprised of many fewer

process steps. The process presently practiced uses 2�m(approximately)

lithography which is well below what is common in the semiconductor

industry. Improvements in process control and the use of high-quality,

available, standard fabrication tools should permit building chips in the

100,000-gate level of complexity.

For a purely superconductive memory chip, complexity is not expected

to exceed the 64K per chip level without changes in the topology of the

storage element. This arises from using the 
ux quantum as the stored

bit; the required inductance which stores the zero resistance current, so

far, has not been reduced in physical size. The access time for a modest

size chip (� 64K) is 500 picoseconds and has been evaluated to be able

to reach 100{200 picoseconds. (NEC believes megabit per chip memories

can be done.)

5.7.5 Barriers/Obstacles

No fundamental obstacle exists to demonstrating the viability of su-

perconducting technology in very high-speed clock rate processors. The

opportunities exist to integrate the technology with very high-speed �ber

optics or free-space optical links to transfer data from room tempera-

ture to the cryogenic system and back out. Optical links would preserve

short path lengths while essentially eliminating the thermal conduction

penalty. Closed-cycle cooling also can be improved to provide a more

commercially attractive support system. There is, �nally, the opportu-

nity to develop a fast memory that will be compatible with the processor.

R&D to Overcome Barriers and Obstacles The working group

conceived a long-term R&D approach with broad program goals over the

next ten years. The approach is described below in terms of a �ve-year

program and broad 10-year goals:
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� Five-Year Program

Logic The present fabrication capability to achieve good yield on a

20,000- to 40,000-gate chip should be improved and stabilized. The

circuit family would be adopted from the Japanese.

Memory We must re-evaluate and develop sub-nanosecond memory

chips. The state of the art is not as advanced as logic, principally due to

a much lower level of e�ort. The goal is 16Kb to 64Kb less than 10 milli-

watts per chip with a sub-nanosecond access time. Most important is the

development of a cryo-CMOS memory chip. Preliminary work is taking

place at a very low level to demonstrate superconducting-semiconducting

on-chip hybrids. Sense ampli�ers, narrow line interconnects, and en-

hanced speed due to the cold environment are being evaluated. In ad-

dition, one must test the performance improvement of standard CMOS

and specially processed CMOS at cryogenic temperatures.

Interconnects Chip pad con�gurations up to 350 I/Os at 2.5 giga-

bytes/sec are presently being developed (e.g., Crossbarat MCC). For

impedance and crosstalk reasons, the pad con�guration described by

MCC for Crossbar and by MITI's Electro Technical Laboratory, namely

coaxial I/Os, should be exploited. This would improve greatly the multi-

gigahertz frequency behavior of the transition between the chips and

their supporting MCM.

It will be critical to establish the MCM technology for a large chip count

processor. Thus, a careful test and evaluation of KYOCERA's MCM

(built for the MITI/ETL supercomputer four-chip system) is needed at

a 10 GHz clock rate. This also requires cooling the MCM properly.

The connections to room temperature will necessarily be at giga-

hertz rates and most likely will involve transfer rates of terabits/sec.

Impedance-matched cables of short (� 600) length of this class of per-

formance developed for Crossbar must be improved for both thermal

and bandwidth reasons. However, a very attractive technique is to use

optical I/O, either by �ber optic cable or free-space interconnect. This

would provide outstanding data rates and do so with negligible heat

transfer.

To interconnect between processors and from processors to memory, a

switching fabric must be available. The present crossbar development
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needs to be extended in speed or size (or both), and other switches

should be evaluated and developed for this purpose.

� 10-Year Goals

Logic Underlying this goal is the ability to reduce the power by 10 while

increasing circuit speed by �ve. Single 
ux quantum logic o�ers both of

these features. The logic gates and circuit structures need more detailed

demonstrations both in simulation and in fabrication. Also needed is

an evaluation of the limits of \conventional" voltage state logic; early

(i.e., 1970s) circuit structures were shown to have those speed-power

properties but were not explored.

The capability to fabricate with good yield will need to be improved by

inserting good but standard silicon processing tools. Along with that,

design and testing will be further advanced.

Memory Continual improvement of both cryo-CMOS and supercon-

ductive memories will occur, and must occur, by silicon's normal

progress and by the practice of superconductive fabrication.

Interconnects The critical steps required will be the timing and sub-

strate issues introduced by using a clock whose period corresponds to a

time-of-
ight of roughly 5mm for free-space light.

The second major challenge will be the switching interconnect. The

architecture and the requisite speed to provide processor-processor and

processor-memory connections will require careful, intense work. The

third technical improvement will require the use of optic I/Os to achieve

the necessary data bandwidths. At this point, one will most likely need

to exploit the already demonstrated picosecond soliton propagation of

�ber optics and the also demonstrated picosecond response time of su-

perconductive electronics. The interface of this to the room temperature

world will be a challenge. As before, the separate parts, the building

blocks, must be assembled into a system demonstration to understand

and to prove that the technology \works."

To achieve the 10-year goals for logic, memory, and interconnects,

milestones for the �ve- and 10-year milestones against which progress can

be measured are necessary. These milestones are shown in Table 5.10.

In the �rst �ve years, the development program would focus on logic,

memory, packaging, interconnection to room temperature, and switching
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Table 5.10
Development Milestones for Superconductive Technology for PetaFLOPS
Computing

Milestones

Estimated Costs $6M/Year $10M/Year

Performance 5-Year 10-Year

Metrics (Years 1{5) (Years 6{10)

Clock Speed 10 GHz 50 GHz

Logic Gates/Processor 106 4� 106

Peak Speed 50 GigaFLOPS 1 TeraFLOPS

Power at Cryo Temp. 1 Watt 4 Watts

Memory 50 Gigabytes 1 Terabytes

Wall Plug Power 10 KW 10 KW

networks. In the second �ve years (years 6{10), the program would focus

on low-power logic, improved memory, optical I/O, and improved switch

networks. The key technologies for the entire 10-year program would

be cryo-CMOS, CMOS, and superconductive technologies. Important

directions for funded research are listed below:

� Cryogenic sub-nanosecond memory

� Optical I/O to cryo

� Low-power circuits

� Very high-density packaging

� Design techniques and tools

� Gigahertz test techniques

� High-reliability cooling.

5.8 Device Technology Summary

Despite previous technology projections, progress in device design and

manufacturing has been better than expected. Given that this trend

continues, semiconductor devices should continue to be essential com-

ponents of high-performance computers well past the turn of the century.

But, to achieve usable PetaFLOPS computing capabilities will require
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considerable e�ort in advancing the state of the art in optical and su-

perconductive devices, even as semiconductor capabilities improve.

The Device Technology Working Group believes that optical intercon-

nects and optical memory not only will provide performance enhance-

ment for PetaFLOPS computers, but will be critical to the realization of

these computing systems. The large data transfer rates needed within

PetaFLOPS computers to avoid processors sitting idle waiting for inputs

dictate that high-bandwidth optical channels be used for much of the

interconnection.

The working group also believes that R&D support for smart pixel

arrays and interconnection optics should be enhanced, and that R&D in

other optical technology areas ranging from optical memory backplane

to optical radio should be initiated.

Finally, superconductive device technology o�ers considerable promise

for very low-power, very high-speed computing elements. Developing

and implementing this technology in viable PetaFLOPS computing sys-

tems will require R&D progress in a number of critical areas, such as

cryogenic subnanosecond memory, optical I/O to cryo, very high-density

packaging, and high-reliability cooling, to cite only a few. The working

group believes that important progress can be realized in superconduc-

tive technology over a 10-year period for relatively modest costs.
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Summary

The PetaFLOPS computer is achievable at reasonable cost with technol-

ogy available in about 20 years. No paradigm shift is required to make

this computer: it can be made using the paradigms that exist today.

This projection is based on a number of assumptions, and it brings with

it a number of challenges and directions for future activity. The key

underlying issues are

1. Silicon technology can satisfy the majority of the requirements if it con-

tinues at the same rate improvement over the next 20 years. How-

ever, the Semiconductor Industry of America (SIA) technology road map

projects forward only through the year 2007 because at that point feature

sizes are projected to be reduced to 0.1 �m; below this size, tunneling

e�ects alter the behavior of active devices. To sustain an additional

seven years of improvement in device technology will require advances

currently not projected by the SIA. However, as discussed in the sec-

tion on semiconductor device options, it appears that since 1992, enough

has been learned to allow a rational projection beyond 2007 to at least

0.05 �m. This appears su�cient for the PetaFLOPS machines discussed

here. Consequently, device manufacturing technology and semiconduc-

tor science are important areas of investment to sustain technological

advances when feature sizes fall below 0.1 �m.

2. The PetaFLOPS machine will rely heavily on technology developed for

the larger market of machines that are much less powerful than the

PetaFLOPS machine. This is a consequence of the very large parts

count for the PetaFLOPS machine, even for the projected technology of

20 years hence. To keep the price per part as small as possible, the parts

must be produced in volume for a mass market. Technology and parts

developed exclusively for the PetaFLOPS market may be very expensive

relative to those for the general market, and the leverage they provide

must be very high to justify the premium paid for them.

3. The panel did not reach consensus on whether or not to recommend in-

vestment in manufacturing technology for the niche markets that cover

PetaFLOPS technology. The panel, however, encourages continued re-

search in these areas to seek advances that can provide very high leverage

on performance. Niche technology might turn out to be useful, even if

expensive, and may be attractive to mainstream computing also. In the
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latter case, high volume production of such technology for mainstream

computers could reduce costs signi�cantly for the use of such technology

in PetaFLOPS computers.

4. Memory latency and memory bandwidth are the most critical factors

that constrain performance and narrow the choices of computer struc-

tures. Latency across the longest paths in a petacomputer, when mea-

sured in machine cycles, will grow in the coming years rather than de-

crease. Hence, machine structures will tend to incorporate various tech-

niques that remove or hide latency. Local memory and cache memory

tend to remove or reduce latency. Pipelining and multithreading tend

to hide latency without reducing it. The latency problem will spawn

highly perfected forms of the techniques mentioned here as well as new

techniques better �tted to future applications and device technologies.

5. The bandwidth per memory part, if it evolves at its present rate, in 20

years will be somewhere between 10 to 1000 times too low to support

PetaFLOPS computing. However, the internal bandwidth of memory

chips, that is, the bandwidth between the on-chip memory array and

a multiplexor to the output pins, is much larger than the bandwidth

available at the pins. Therefore, existing internal bandwidth may be

within the limits required. Future directions for memory technology will

seek ways to make high bandwidth available externally and to develop

architectures that make e�ective use of the internal memory bandwidth

by placing computational logic within the memory.

6. Memory requirements for a PetaFLOPS machine are based on a basic as-

sumption that a balanced system requires memory bandwidth of N bytes

per cycle per FLOPS for a small �xed constant N . This assumption

forces total memory bandwidth to scale linearly with the GigaFLOPS

performance of a machine. Independently, and for other reasons, a sec-

ond basic assumption is that memory size in bytes scales linearly with

problem size. To the extent that these assumptions are valid, they place

extraordinary demands on future memory technology. Consequently, if

algorithm developers for PetaFLOPS applications successfully develop

means to conserve the use of memory per GigaFLOPS, the demands on

memory bandwidth and memory size for PetaFLOPS machines may be

decreased signi�cantly. This could lead to earlier deployment and lower

cost than our estimates indicate.

7. The panel speculates that I/O requirements grow less than proportion-
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ally with increases in GigaFLOPS of performance. If so, the I/O re-

quirements for a PetaFLOPS machine may be signi�cantly less than

predicted by simple scaling formulas.

6.1 Metrics and Limitations

In this section, some basic notions that dictate various characteristics

of architectures are examined. The section opens with a list of key

metrics and some brief explanations, and closes with a statement of

three important laws.

The key metrics used to characterize high-performance computers are

� Peak operation rate|the fastest achievable rate for the computer.

� Sustainable operation rate|this rate ideally is close to peak operation

rate, but could be orders of magnitude below peak operation rate for

problems that are ill-suited for a particular petacomputer architecture.

� Operation latency|the delay between the time of initiation of an oper-

ation on a set of data and the time at which the results of the operation

appear at the output of the operation unit.

� Average memory system latency|the delay between request for an item

and the arrival of the item. Because delays may vary depending on

where the item is located when requested, latency is averaged over all

the possible locations with the probabilities taken into account.

� Memory chip drain time|the time required to read all locations in a

memory chip and to present the data read at the external interface of

the chip.

� Memory chip cost per bit|the ratio of chip cost to number of bits per

chip.

� Ratio of memory latency to operation latency|This ratio expresses the

balance between memory and operation units. When the ratio is high,

the memory latency may be too high to maintain full utilization of the

operation units. When the ratio is very low, the operation units may

saturate well before they are able to take full advantage of the memory

system. At a ratio of one, one access path of a memory system can

supply one operand per operation per cycle, which is a typical design

point for high-performance computer systems.
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� Memory capacity|the total main memory of the computer.

� Ratio of memory capacity to performance|the ratio of gigabytes of

memory to GigaFLOPS of performance.

� Network bisection bandwidth|the peak rate of data transfer between

one half of the computer system and the other half of the computer

system.

� Per processor network bandwidth|the peak rate of data transfer be-

tween one processor and all of the other processors in a system.

� Local memory bandwidth versus network bandwidth|The bandwidth

for transfers between local memory and a processor or between closely

coupled local memories is generally high when such transfers are car-

ried out on high-bandwidth local interconnections. By comparison, the

bandwidth for data transfers between a processor and remote regions of

a computer system that are accessible only via network interconnections

may be much lower.

� Machine diameter|Measured in processor cycles, this is the length of

the longest path from one processor to another processor or to an ad-

dressable region of the memory system.

� Average dependence latency|the average time that one operation stalls

at a dependence until the dependence is removed. This latency arises

because dependences within execution streams force some operations to

wait for others.

� Best case dependence latency|the minimum latency that will be in-

curred when a dependence forces an operation to stall.

� Recurring Cost|the replication cost of a single machine.

� Development cost|the investment cost to develop a machine through

the �rst few copies.

� Price|The price of a machine to a customer is a function of the replica-

tion cost plus a fraction of the development cost, plus other components,

including pro�t. When development costs are very large, to bring price

down, the number of copies over which the development costs are shared

should be as large as possible. Doubling the number of copies in use may

have as great an impact on price as reducing the replication cost by a fac-

tor of two, depending on the relative size of replication and development

cost.
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Basic Laws

1. Concurrency=latency times bandwidth.

Assume that a processor is fed operands at the bandwidth of B oper-

ations per cycle, each of which requires an elapsed time of L cycles.

That is, each cycle the processor accepts B sets of input operands and

produces B outputs, and the time elapsed between a speci�c input and

its corresponding output is L cycles. Then the internal concurrency of

the processor is C = BL. In other words, at any given cycle, there are

BL distinct computations proceeding concurrently within the proces-

sor. This formula speci�es how much concurrency must exist within a

processor for a speci�ed bandwidth and latency.

The formula also can be applied to the latency and bandwidth of a

memory system. To sustain operations at maximumrate from a memory

system whose bandwidth is B and whose latency is L requires C = BL

concurrent access streams from the memory system to the processors,

and thus the memory must be able to support C concurrent operations

internally.

Corollary: If operation latency is on the order of 1 ns (10�9 s), the

concurrency required to achieve a processing bandwidth of PetaFLOPS

(1015) must be on the order 106. To reduce concurrency below 10,000,

the operation latency must be less than 10 ps (10�11 s), and to reduce

concurrency below 10, the operation latency must be less than 10 fem-

toseconds (10�14 s).

2. In a machine limited by the speed of light, i.e., when the machine di-

ameter is much greater than one cycle, if bisection bandwidth is nearly

the maximum possible, the average dependence latency grows at least

as fast as p1=3 where p is the number of processors. Physical constraints

on packaging and layout may raise this bound to p1=2:

In a machine not limited by the speed of light, that is, in a machine whose

diameter is a small number of cycles close to unity, or in a machine with

a very small bisection bandwidth, the dependence latency can grow at

a rate proportional to log(p):

3. In a system that makes use of multiprogramming of independent pro-

cesses on a single processor to improve performance, memory require-

ments grow linearly with the degree of multiprogramming, and thus scale
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proportionally with performance. Parallel applications can save mem-

ory relative to multiprogramming because memory is shared. Also, as

bandwidth increases in shared-memory systems, memory requirements

diminish because sharing of data can replace making copies of data.

6.2 PetaFLOPS Architectures Design Points

The Architecture/Systems Working Group conducted a design exercise

to create a rough sketch of a PetaFLOPS machine using technology as-

sumed to be available in 2014. The exercise revealed that a PetaFLOPS

machine can be built with the projected technology of that period at a

cost comparable to that of a supercomputer in 1994. The exercise also

showed that a number of assumptions drive designs in particular direc-

tions. These assumptions should be examined for validity. If they do

not hold for performance in the PetaFLOPS region, then PetaFLOPS

machines may be quite di�erent from the panel's projections.

This section starts with an outline of three designs for supercomputers

20 years from now. The designs di�er because they are each suited for

a di�erent class of problem. After discussion of the designs, the section

closes with a discussion of the crucial assumptions. The most critical

assumptions are the scaling laws that say that memory bandwidth per

GigaFLOPS and total memory size per GigaFLOPS are constant as

performance in GigaFLOPS increases. Another important assumption

is that device technology will follow historic trends for the next 20 years.

Figures 6.1, 6.2, and 6.3 depict three architectures that are attractive

for PetaFLOPS implementations in 20 years. For the purposes of the

workshop, the panel assumed that all three machines would be built and

that each would have a performance rating of a fraction of a PetaFLOPS

per second. Collectively, the three machines achieve a PetaFLOPS per

second over a large class of applications, but individual applications may

do best on speci�c machines. This analysis assumes that each machine is

rated at 400 TeraFLOPS. Applications are likely to be well-suited to one

or two of the machines, if not to all three of them. Because the cost of

building a 400 TeraFLOPS machine may be less than a third of the cost

of building a PetaFLOPS machine, the panel expects that all three of

the machines can be built for the cost of building a single PetaFLOPS

machine, and that the three machines can achieve an aggregate of a
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Figure 6.1
Category I architecture, global shared memory
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Figure 6.2
Category II architecture, network of microprocessors

PetaFLOPS performance over a much broader range of applications than

can a single PetaFLOPS machine.

The machines architectures are

� Category I: Shared memory, cacheless, multiprocessor composed of 400

machines rated at 1 TeraFLOPS. The network is a very low latency,

high bandwidth network that attempts to keep 400 data streams active

continuously from main memory to the individual processors.

� Category 2: A network of high-performance workstations with a hierar-

chical memory, including local memory or cache at every processor, This

architecture follows the current trend of massively parallel computers,

and will have between 4,000 and 40,000 processors, each rated between

10 and 100 GigaFLOPS.

� Category 3: A multi-dimensional grid of hybrid chips that combine mul-

tiple processors and memory. This architecture is suitable for appli-

cations that can use �ne-grain parallelism. It represents the evolution
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Figure 6.3
Category III architecture, processors in memory (PIM)

of architectures based on active memories. It will have approximately

100,000 to 1,000,000 processors, each rated at 400 MegaFLOPS to 4

GigaFLOPS. Memory in this system is highly partitioned.

Some of the characteristics of the respective processor designs are

summarized in Table 6.1. They are suited for di�erent types of ap-

plications. The Category I machine is ideally suited for applications

that create streams of accesses at easily predicted addresses. Typical of

these applications are vector and matrix computations that access data

with a uniform stride. This type of machine represents the evolution-

ary development of a CRAY 1 architecture. Because this architecture

provides high connectivity and uniform latency, address references can

range throughout shared memory, provided that streams of references

from di�erent machines are not con
icting.

Category II machines are multiprocessors that are useful for unstruc-
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tured computations that exhibit a high degree of locality. Such machines

might be useful for query systems and database applications where

searches and record accesses tend to be clustered in time or to par-

ticular regions of the database. Address references in this architecture

can be made anywhere in the hierarchy, but references to local memory

are much less costly than references made to remote regions of memory.

Consequently, performance depends strongly on how the architecture

and software support together can successfully direct the majority of

references to local data.

Category III machines take advantage of the high bandwidth of mem-

ory arrays internal to a memory chip, and provide bandwidth required

to run a 400 TeraFLOPS machine with substantially fewer parts than do

either Category I or Category II machines. The performance potential

can be achieved provided the applications make use of the local mem-

ory bandwidth, and have relatively little need to access data o�-chip.

For applications that can meet these constraints, Category III machines

o�er extremely low cost per GigaFLOPS.

Table 6.1 makes clear several important observations:

1. The major cost of Category I and II machines is for the memory. The

reason that Category III machines have such low parts count is that

they achieve the necessary bandwidth to sustain an aggregate rate of

400 TeraFLOPS with a fraction of the number of memory parts by using

the internal bandwidth of memory rather than the external bandwidth.

Such machines can be used for applications that run e�ectively with a

memory capacity much smaller than that postulated by the rule that

says that memory capacity should be approximately one gigabyte per

GigaFLOPS per second of performance. The success of Category III

machines will depend strongly on how widely this rule holds. If many

applications need much less memory than prescribed by this rule, then

the Category III machine will be an e�ective machine design. However,

the range of applications that can make e�ective use of Category III

machines has not been explored at this writing.

2. For both Category I and II machines, the cost of providing network

bandwidth appears to be small compared to the cost of providing 400

terabytes of memory. Consequently, the designs can a�ord to put various

enhancements into interconnections to improve performance because the

speed leverage they provide may be greater than proportional to their
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Table 6.1
Characteristics of Design Points
Attribute Category I Category II Category III
Type Global Shared Distributed, Local Active memory

Memory
Capacity 1 Byte/FLOPS 1 Byte/FLOPS 10�3 Bytes/FLOPS
Bandwidth 1 Word/Sec/FLOPS 1 Word/Sec/FLOPS 1 Word/Sec/FLOPS

(cache) (local)
0.1 to 0.5 10�3 Words/Sec
Words/Sec/FLOPS (local)
(o�-chip)
10�2 Words/Sec/FLOPS
(global)

Contention Pure endpoint Throughout hierarchy Mainly chip-to-chip

Memory 400 Terabytes 400 Terabytes 800 gigabytes
SRAM DRAM DRAM

Chip density 2 GBytes/chip 8 GBytes/chip 8 GBytes/chip
Chip bandwidth 16 GBytes/sec/chip 160 Mbytes/sec/chip 32 Tbytes/sec/chip

to 1.6 Gbytes/sec/chip (internal)
(cache) 1.6 GBytes/sec/chip

(external)
Memory 200,000 50,000 100 (but will be
chip count located on

CPU chips)

Processor 1 TeraFLOPS/sec 10 GigaFLOPS 1 GigaFLOPS
performance to 100 GigaFLOPS
Number 400 4000 to 40,000 400,000
of CPUs
Chips/CPU 100 1 to 10 1/100

(No memory)
Processor 40,000 4,000 4,000
chip count to 40,000

Network 1,000 5,000 0
chip count
Total 250,000 60,000 4,000
chip count to 100,000
Percentage 80 50 to 90 10 to 30
memory (of chip area)
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Table 6.2
Latency characteristics of design points

Attribute Category I Category II Category III

Cache Memory Latency 10 to 100 ns

Local Memory Latency 20 ns to 1 �s 1 �s

Global Memory Latency 1 ps 100 ns to 1 �s 1 ms

cost.

3. The table shows that Category I machines have a concurrency of 400,

and produce 400 � 1012 outputs per second. Therefore, it follows from

the Concurrency Law that the latency must be no greater than 10�12

seconds (1 picosecond) per operation. If this latency is not achieved,

each processor must have internal concurrency to o�set the extra latency.

Thus, if the output rate of an arithmetic unit is 1 output per nanosecond,

each processor must have 1000 arithmetic units running at full speed in

order for the system of 400 processors to output at a 400 TeraFLOPS

rate.

By similar reasoning, if memory feeds processors at the rate of 400 �1012
operands per second, and the number of concurrent streams is 400, then

the latency per stream can not be more than 10�12 seconds per memory

stream. If the latency is N picoseconds per access, then 400N memory

streams must run concurrently.

Table 6.2 gives the latency required for a single memory reference stream

per processor. If actual latency exceeds the �gure in the table by a factor

N , then N accesses must be in progress concurrently.

6.3 Role of Device Technology

This section discusses device technology and its signi�cance with respect

to the possibility of building a PetaFLOPS machine in about 20 years|

assuming that device technology continues the same trend in the future

that is has taken in the past.

Since memory costs are predominant in two of the three design studies,

consider the Semiconductor Industry of America (SIA) data for future

technology. Figure 6.4 shows projected chip density following a straight

line on a semilog scale for the next several years. The SIA projections

stop at the year 2007 when feature sizes are su�ciently small to cause
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Projected circuit density for semiconductor technology

tunneling e�ects, although newer data from SIA cited earlier suggests

that technology advances will continue beyond 2007, although then it is

not clear what direction technology will take. Nevertheless, if lithogra-

phy and feature sizes continue to diminish for whatever new technology

comes along, the projections out to the year 2014 produce densities high

enough for the construction of a PetaFLOPS machine at reasonable cost.

These projections account for a doubling in density in each linear di-

mension (quadrupling of density overall) every three years. A rough

rule of thumb is a 10 times increase in density every �ve years, so that

20 years should produce a net of 104 increase in density and a corre-

sponding decrease in parts count. The parts numbers tabulated in the

previous section are quite manageable, and indicate that in 20 years the

petacomputer will cost about what a supercomputer costs today.

These �ndings are based on the previously noted crucial assump-

tion that the technology road map can be extended beyond 2007, and
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Parts count for ISA projected memory density

therefore depend on a device technology that involves a tunneling phe-

nomenon or some other physical phenomenon to produce a family of

devices that do not yet exist.

Figure 6.5 shows parts counts as a function of memory density. These

parts counts are valid for Category I and II designs if the memory ca-

pacity of a PetaFLOPS computer follows the scaling law of one gigabyte

of main memory for each GigaFLOPS of performance for applications

in the PetaFLOPS region; otherwise, a design can make use of less main

memory. Since memory costs are a major factor, a reduction in the

required size of main memory would have a signi�cant impact on the

design. This impact is evident in the Category III design.

Figure 6.6 shows the total bandwidth available as a function of chip

count. Note the dotted vertical line that shows the bandwidth available

at the pins of memory chip in 1994. The �gure also indicates low and

high values for the internal bandwidth of a memory chip, which mea-
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sures the number of bits activated during each memory cycle. In typical

memory chips, from 1 to 8 bits are transmitted o�-chip for each mem-

ory access. Memory itself is laid out in two dimensions, with rows and

columns of approximately equal size. An access selects one entire row of

the chip, and reads this row into bu�ers. From the bu�ers, the access

mechanism selects the 1 to 8 bits to be sent o�-chip. Since rows and

columns are of equal size, a typical N -bit chip is organized into an array

that is
p
N �

p
N , and thus

p
N bits are accessed for each group of up

to 8 bits sent o� chip. In 1994, memory sizes have reached 16 Mbits per

chip, so that 4096 bits are accessed for each set of up to 8 bits sent o�

chip. Because for some chips only a single bit is sent o� chip per access,

from 500 to 4000 times the internal bandwidth is discarded. Category III

machines attempt to gain performance by using the internal bandwidth

to drive processors colocated with the memory chips.
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in 20 years, well within the limits of supercomputers today. Also, the

parts count in 2014 reduces to parts counts achieved today in large-scale

machines.

6.4 Obstacles and Uncertainties

This exercise projected the SIA technology road map into realms where

no device technology is known to operate. This suggests avenues of study

of devices with feature sizes below 0.1 �m and raises issues regarding

tunneling and other phenomena that become dominant in this regime.

Fundamental assumptions in the sizing of Category I and II designs are

that memory requirements grow proportionally with performance, and

that memory bandwidth grows proportionally also. These assumptions

created a need for large memories for Category I and II machines, and

the cost of the memory dominated the cost of the machine. This memory

cost leaves very little room for the designer to lower cost through archi-

tectural advances. When these assumptions are abandoned, however,

the Category III machine becomes a viable candidate, and it clearly has

a cost advantage over the other types of machines.

It is essential to investigate memory requirements of large-scale ap-

plications to determine if memory capacity and bandwidth both scale

linearly with performance. Markedly less expensive Category I and II

designs may be possible if, for a large number of applications, the re-

quirements scale less than linearly, resulting in smaller memories.

Market forces also will have a dramatic impact on the ability to build

a PetaFLOPS machine. The SIA technology curves are based on what

is likely to be possible to build with the improvement of technology,

but they do not predict what actually will be built. To keep costs per

device at a minimum, the PetaFLOPS machine should use the same

memory and processor chips used in the mainstream to the extent pos-

sible. Because memory parts dominate Category I and II designs, the

memory parts for these designs should be the same as those used in lower

performance machines. Market forces, though, may slow the progress

of commercial o�erings so that they do not advance as rapidly as the

SIA curves indicate might be possible. The e�ect of slower mainstream

progress may either delay the viability of the PetaFLOPS machine, or

increase its cost, or both.
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Memory bandwidth o�ers a particularly interesting challenge. The

Category III design shows it is possible to tap existing bandwidth

through an appropriate architectural design, but this technique is not

unique. Memory manufacturers are starting to introduce memory

schemes that raise the bandwidth per pin. Such schemes include syn-

chronous memory devices and memory devices with built-in caches and

synchronous block transfer modes.

Technology for the PetaFLOPS machine should draw upon main-

stream technology as much as possible. For special niches, however, it

may be necessary to develop techniques that have little use beyond the

PetaFLOPS machine. As an example of such a niche, consider the Cate-

gory II and Category III designs, where the number of processors grows

very large compared to today's highly parallel machines. Applications

and systems software have a great challenge ahead to tap the power

of high-speed machines by using 10,000-way parallelism e�ectively. It

is not clear that today's programming paradigms will support e�cient

use of such machines. The vector and array codes may present some

di�culty in partitioning them into 10,000 or more concurrent pieces.

Writing multiprocessor programs with 10,000-way parallelism for less

structured problems is an art that has rarely, if ever, been practiced.

Consequently, the panel recommends that software technologists study

parallelism techniques that will scale up to thousands and tens of thou-

sands of processors.

The PetaFLOPS machine appears to be destined to have a large di-

ameter as de�ned earlier in this section. Hence, it has the potential for

having larger latency and for su�ering relatively more from latency than

will machines with a smaller diameter (and lower average latency). For

this reason, we need more e�ective techniques for latency hiding than

we know today.

The very high parts count of the PetaFLOPS machine may demand

a special packaging and cooling technology that is not necessary for

machines with substantially fewer parts.

Input/output requirements have not been addressed in this section

because of a general belief that I/O requirements do not scale linearly

with computational performance. For many large-scale algorithms, the

number of operations grows much faster than linearly in the size of the

input data. Consequently, the time it takes to calculate results must

necessarily be much larger than the time it takes to load the initial data
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and write the results.

Nevertheless, peak I/O rates may be quite large. Also, some classes

of problems have a computational requirement that scales linearly with

the size of the problem. These classes clearly will place very high I/O

demands on a PetaFLOPS machine if they themselves scale large enough

to demand PetaFLOPS performance.

In reexaming the three categories of machines independently, the panel

made the following observations:

� For the Category I machine, the main issue is memory. How big should

it be? How can it be made very large, and still achieve low latency and

high bandwidth?

� For the Category II machine, memory remains a major issue, but coupled

with it is the requirement that the programs and data be partitioned to

take advantage of local memory. The study and practice of automatic

partitioning is only beginning.

� For the Category III machines, the main issue is how to write programs

that can meet the very tight constraints placed on them by the ar-

chitecture. Memory is constrained in total size. Extraordinarily high

bandwidth is available for a selected set of data. If accesses need to go

outside this set, the memory latency can increase by two or three orders

of magnitude. This architecture poses a very interesting challenge to the

algorithm developer.

6.5 Final Comments

For all three categories of machines, there is signi�cant freedom in

designing the processors. The results of design choices will have lit-

tle impact on the �nal costs of the machines, but could have a very

large impact on the performance. Given that it is possible to design a

PetaFLOPS machine, the implementation depends on successes in other

areas. Device technology has to advance in the years after 2007. Pro-

gramming technology has to develop paradigms and tools that scale to

the development of programs for 10,000 processor machines. Applica-

tions programs have to based on models that lend themselves well to

partitioning or streaming, and that can be cast in forms compatible

with latency hiding and latency removal.
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These challenges should result in feedback to the architecture com-

munity that helps guide the details of what can and should be put into

future processors. The possible choices are virtually limitless. The rela-

tive costs of one method versus another may be very small. What is not

known is which choices are good and which choices are not. To evaluate

the choices, the architects need guidance from the device technologists

regarding the characteristics of devices that will become available, and

from the applications and systems programmers regarding what features

make programs more e�cient on machines in the PetaFLOPS range.

Working together, the various teams should be able to achieve signi�-

cant progress in the years to come.
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7.1 Introduction

Software technology is the system component that bridges the gap be-

tween applications and computing hardware. As such, it includes tools

for application development as well as software components that regulate

system operation and the allocation of system resources. The former cat-

egory includes compilers, debuggers, and program performance analyz-

ers; the latter category includes the various operating-system functions

such as scheduling, �le systems, input/output systems, communication,

security, and protection from errant user programs. On top of the actual

hardware system, these components combine to build a \virtual system"

that ideally is e�ective and pleasant for programmers and end-users to

use, and also makes e�cient use of the underlying hardware resources.
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In the case of high performance and especially massively parallel com-

puting, the need for such a \virtual system" has been all the more acute

because the bare hardware for such machines is increasingly complex

and challenging to use e�ectively. However, software technology can not

perform miracles. It can only deliver e�cient hardware utilization when

methods for achieving that utilization are known and can be reduced

to an algorithmic form. Even when such methods are known, software

technology can only apply them to a given application program when

the program is presented in a form that enables the software technology

to extract the information needed to apply the methods correctly.

7.2 The Challenge of Software Technology

Device technologists and computer architects can easily measure metrics

of progress such as device switching times, clock cycle times, and peak

arithmetic operation rates. The ultimate importance of these metrics

is realized, of course, only when the performance that they imply is ac-

tually delivered through the various software layers to end users. The

relentlessly increasing di�culty of doing this is one of the main obsta-

cles facing high-performance computing (HPC). This obstacle is already

formidable in the domain of TeraFLOPS computing. If we simply ex-

trapolate current trends, this obstacle looks nearly insurmountable at

the PetaFLOPS level for all but an extremely specialized range of ap-

plications. Building PetaFLOPS systems that can be used successfully

for a wide range of applications will require a design approach rely-

ing much more heavily on joint, holistic problem-solving by architects,

software technologists, and application specialists, with each discipline

contributing what it can toward the goal of maximizing the delivered

value of the system to users, rather than internal �gures of merit such

as peak theoretical performance.

Unfortunately, one of the challenges of the software technology area

is the di�culty of de�ning quantitative, meaningful, and measurable

metrics of the value delivered to users. Such metrics need to capture

two important determinants of value: cost and bene�t. A closer look

provides an instructive illustration of the di�culties of quantifying these

metrics.

� Cost has two major dimensions:
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{ Capital investment can be measured fairly easily, although we should

bear in mind that the capital invested in a supercomputer often can be

quite di�erent from the \list price" of a benchmark system, because

of factors such as discounts, installation costs, add-on hardware, and

the costs of connecting users to the system.

{ Human investment is much more di�cult to measure. It includes not

only \direct" costs such as the e�ort required to develop an application

program, but also indirect costs such as support and improvement of

the program after it is initially written (which often takes several

times more e�ort than the initial creation of the program), the time

taken by end users to learn how to use the application e�ectively for

their purposes, and the investment in education and training for both

programmers and end users.

� Bene�t also is challenging to measure, since it encompasses several rather

intangible factors such as:

{ The value of solving an application problem at a given quality level

(as compared with the value of a di�erent-quality solution that could

be achieved at a di�erent cost).

{ The value of obtaining the solution to an application problem within

a given time frame.

When all these dimensions of value are considered, the reasons for

many frequently seen trade-o�s become more evident. For example,

there is almost always a trade-o� between reducing computing time

(capital investment) or reducing programming time (human investment).

The human investment is often the more signi�cant, especially for a pro-

gram that may only be run a few times before being changed. Thus, it

is logical that some application developers persist in using regular grids

and straightforward algorithms even at the cost of much longer execution

times: they use more computer time but need much less program devel-

opment time. Similarly, hardware or software providing a global address

space can be used, encouraging programmers not to worry about data

layout. Again, the programming task is simpli�ed at the expense of in-

creased execution time or system cost. If the metrics used do not take

all these factors into account, the logic behind such decisions will not be

noticed.

Unfortunately, these metrics are challenging to evaluate even in \real-
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world" application situations using mainstream computing technology;

witness the current debate as to whether or not the use of computer

technology has improved white-collar productivity in American business.

The metrics are even more challenging to evaluate in a typical advanced

computing scenario where the applications are research problems and

the economic value of solving them may not be known for many years,

and where the human contributors are also highly specialized and hard

to value in quantitative economic terms. Even greater is the di�culty

of using these metrics to guide the design of an advanced computing

system not yet built, yet this is precisely the goal we must strive for. In

the absence of quanti�able metrics of overall value that can be estimated

reliably from a description of a system before it is built, we must base our

system design approach on common sense derived from experience with

past systems, taking into account both the easily quanti�able aspects

of delivered value and the aspects that are not easily quanti�able. We

must avoid temptations to optimize mindlessly the quanti�able metrics

while disregarding the others.

These temptations, unfortunately, are strong. Easily quanti�able met-

rics work well as \sound bites" for attracting attention in the media,

commercial, and political arenas. Consistent, delivered value that is hard

to quantify is much more challenging to sell. There has been a tendency

in the development of the HPC �eld { and particularly where massive

parallelism is concerned { to focus attention on the development of raw

hardware capabilities, which lend themselves more readily to quanti�ca-

tion, and relegate to software technology the job of converting these raw

capabilities into delivered value for users. Software technologists have

thus found themselves asked to bridge an ever-widening gap between

hardware-supplied capabilities and user needs, without enough recogni-

tion of the fact that success in bridging this gap requires the software

technologists who will build the bridge to work as equal partners with

hardware architects and application specialists in de�ning the endpoints

that the bridge should connect.

Thus, while quanti�able metrics such as peak arithmetic performance

and lines of code per programmer-day still have some utility as mile-

stones along the road, reaching PetaFLOPS capabilities in a meaningful

way will require a more holistic approach in which the advancement of

application, software, and hardware capabilities are all recognized, and

�nancially supported, as equally vital, and specialists in all three �elds
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work together to develop systems that can deliver real value to users.

7.3 Technology Trends and Strategic
Opportunities

In the areas of device technology and computer architecture it is possi-

ble to make reasonable predictions based on known laws of physics and

industry trends. From these predictions we can say with fair certainty

that a PetaFLOPS machine can be built within the next 20 years. Un-

fortunately, there is no technology road map for software innovation.

However, some disturbing trends are clear. First, the software for the

current generation of 100 GigaFLOPS machines is not adequate to be

scaled to a TeraFLOPS and it will certainly fail on a PetaFLOPS sys-

tem. While there are bright spots, such the proposed High Performance

Fortran (HPF), the rest of the supercomputing software environment

is seriously underfunded and underdeveloped. More speci�cally, multi-

user operating systems, truly scalable I/O, and portable programming

and debugging tools are, with a few notable exceptions, missing from

scalable parallel systems being built today.

Part of the problem rests with our vision of the way a PetaFLOPS

machine is used. Traditionally we have built supercomputers that had

little software because there was a large market in the national labo-

ratories for machines with very high performance and very specialized

use. These machines were more like large laboratory instruments than

general-purpose computers. This trend has accelerated as large-scale

parallel systems have proved to be the only way to achieve the speed

levels envisioned for future applications.

Another important factor has emerged. Parallel machines su�er from

greater performance instability than sequential systems. Consequently,

if a machine is not designed with the problems of software in mind,

only a few highly tuned, data-parallel programs will achieve high ef-

�ciency. This is due to a variety of factors including the inability of

many systems to help software hide memory latency or to exploit the

nested and dynamic forms of parallelism that some applications require.

In addition, the computer architects at this workshop have warned that

even in a best-case scenario, memory-system considerations will require a

PetaFLOPS machine to have a million operations in parallel execution at
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all times in order to achieve the system's full speed. Realistic memory-

design assumptions will very likely push this parallelism requirement

several orders of magnitude higher. Thus, a PetaFLOPS system, unless

properly designed, will be even more di�cult to program than current

systems.

The impact of this situation on our plans to build a PetaFLOPS sys-

tem will be enormous. An overemphasis on specialized designs without

a software model that rewards development investment will have serious

consequences. More speci�cally, independent software vendors (ISVs)

can not a�ord to port their products to large-scale parallel systems if a

heroic e�ort is required for each new machine. Unless we can �nd new

ways to design software that is portable across a wide variety of com-

puter architectures, many of our current supercomputer vendors will not

survive long enough to build a PetaFLOPS system.

While this may seem a bleak scenario, we must remember that the

computing revolution of the 1980s was about software as much as sili-

con. The microcomputer industry discovered that by focusing on only

two architectures, it was possible to build a vast portable infrastructure

of software. The result was a creative revolution. Unix and X windows

has had a similar unifying impact on the workstation and high-end com-

puting market. The National Information Infrastructure is about to

create a new wave of change for the entire computing marketplace, in-

cluding the HPC world, that may dwarf what we have seen so far. The

driving force at the heart of this coming software revolution is a new

view of computing that is based on a model of application behavior in

which applications are, in reality, networks of concurrently interacting

objects that are distributed across the data highway. In this model,

computing resources extend from the desktop to the TeraFLOPS as a

seamless environment.

The applications section of this report outlines two types of compu-

tations envisioned for PetaFLOPS. One family of applications is the

class of large-scale scienti�c and Grand Challenge applications that we

are currently investigating. However, over the next 20 years these Grand

Challenge applications will evolve to resemble multidisciplinary scienti�c

virtual laboratories demanding a complex mix of simulation, human in-

teraction, and multimedia scaled far beyond what is possible today. The

other class of applications can be characterized as the compute-intensive

component of the NII. These NII applications re
ect the possible use of
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PetaFLOPS systems as vast million-user information and analysis re-

sources. These applications will not be easy to design with a pure data-

parallel model. However, techniques that integrate the e�ciency of data

parallelism with the 
exibility of distributed object systems are starting

to emerge and they relate directly to the software directions being taken

for the NII at large.

Finally, we must consider the economic foundations for sustainable

development of HPC technology over the long term. There have been

many examples illustrating the power of the marketplace to focus re-

sources on commercially valuable and viable technology. To the extent

that the development of software technology (or any technology) for

HPC can ride this wave, progress can be greatly accelerated. To the

extent that it can not, HPC software technology will be paddling up-

stream, doomed to progressing more slowly than mainstream software

technology. As an example of the importance of this market leverage,

consider the increasingly widespread use of commodity microprocessor

technology in building parallel architectures. A key advantage of using

commodity microprocessor technology is the substantial research and

development budgets made possible by the multi-billion-dollar worksta-

tion and personal computer markets. In contrast, HPC software e�orts

have not been similarly cross-subsidized and consequently they are un-

derfunded. The resulting parallel software supplied by HPC vendors

and others lacks the robustness and polish found in software aimed at

the commercial world. Only an expanded market will give vendors the

resources to improve matters.

Thus, the HPC industry is in peril if it is overly dependent upon gov-

ernment subsidy. One of the goals of government support for the HPC

program is to fund pre-competitive research that will enable computer

vendors to bring scalable parallelism into the mainstream of commerce

and industry. To succeed at this, the hardware and software of such sys-

tems must (1) target applications that ultimately have the potential to

be commercially self-sustaining and (2) must implement a common set of

programmingmodels and methods to support portability of applications

between di�erent vendors' systems. This latter point is a precondition

to attracting serious interest from independent software vendors.

In the following paragraphs we outline a more complete vision of the

possible future roles of PetaFLOPS architectures. We look more closely

at the problems of current HPC scalable architectures and then make
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a number of recommendations that should be implemented as soon as

possible. To wait for the PetaFLOPS initiative will be too late.

7.4 BLISS versus the Metasystem: Two
Visions of PetaFLOPS Computing

The choices we face in mapping out the development of PetaFLOPS

computing technology can be brought into focus by considering two

development paths, which are the two ends of a spectrum of oppor-

tunities. The �rst path continues the high-performance-computer-as-

big-laboratory-instrument approach mentioned above. We may refer

to the software technology required for this approach as BLISS (Big

Lab Instrument Software System). BLISS is speci�cally oriented toward

scienti�c computing on \big iron" machines. The second path leads

to the development of a seamless \metasystem," composed of multiple

high-performance (but sub-PetaFLOPS) machines, designed for use by

a wide community. This path leverages the commercial software market

by providing the software infrastructure needed to facilitate (entice) the

entry of third party independent software vendors into the parallel pro-

cessing market. Below, we expand on these two diametrically opposed

visions, examine their respective impact on technology, and discuss the

risks and rewards associated with each.

BLISS represents the status quo in which the abstract machine pre-

sented to the programmer closely matches the underlying physical ma-

chine. The system will be response-time oriented and targeted to data-

parallel scienti�c applications. It will be a single-user, batch-style en-

vironment, with resource management being performed primarily by

hand. With the exception of data-parallel applications, writing software

on BLISS will be at least as di�cult as it is today on comparable systems.

Current tools, or reasonable extensions to these tools (e.g., HPF), will

provide the software infrastructure for data-parallel programming. As

noted above, the range of applications for which these tools are e�ective

is likely to become narrower and narrower as peak system performance

increases, unless software and hardware architects collaborate to reverse

this trend.

The construction of a seamless metasystem is a departure from current

mainstream trends in high-performance computing. With the exception
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of regular, data-parallel problems, it is already too di�cult to write

applications for parallel machines; this problem will severely handicap

attempts to broaden the marketplace. Much of the problem stems from

the fact that the programmer of massively parallel systems today is

exposed fully to the underlying machine and must constantly manage

the details of where, when, and how computations are performed. The

solution is to hide these details from the programmer, allowing her to

concentrate on the application, not on low-level implementation details.

This is accomplished by providing various forms of transparency { access,

location, and temporal transparency, to name a few. We envision a

software system with the following properties:

� It is easy to use. Resource management and scheduling are transparent

and automatic.

� It is multilayered. At higher levels of abstraction, the system would

manage most details for the programmer (possibly at some cost in com-

puting time), but lower levels of abstraction permitting a greater degree

of manual control are also available.

� It possesses an interactive, multimedia front end.

� It supports mixed-language applications.

� It stresses software reuse by encouraging the use of object-based ab-

stractions that mask implementation details. The abstractions can be

re-used and extended by programmers without requiring them to become

intimate with the implementation.

� It supports multiple simultaneous users and is accessible to a wide com-

munity.

� It stresses both throughput and response time. Since the metasystem

has a large user community, it must function e�ciently as a throughput

engine, concurrently processing unrelated user jobs. However, when

response time is paramount, it must be possible to recruit a \task force"

consisting of an appropriate number of processors to execute a single

application with the desired degree of parallelism.

Continued development of current tools and approaches, but little

else, is required to build BLISS. The software technology for a seamless

metasystem, however, will depart radically from current HPC software
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in many ways. Work is needed in the areas of programmingmodels, par-

allel languages, language interaction, compilers and run-time support,

resource management, user interfaces and tools, and I/O and database

management. A major e�ort is needed in operating systems, but the

nature and scale of the challenges faced by the operating system for a

metasystem will make it quite di�erent from operating systems as we

have known them for the last 20 years.

Risks versus rewards: BLISS is a well-understood problem, with well-

understood pitfalls, and with comparatively small up-front software de-

velopment costs. The downside is that software development for all but

data-parallel applications will continue to be extremely painful. Software

costs with the BLISS are not low, though. Instead, they are distributed

to the users, recurring, and hidden.

The risks associated with metasystem development are much greater.

There is a signi�cant up-front software investment that is not guaran-

teed to bear fruit. Also, for those applications that would run well

under BLISS, execution on the metasystem is likely to entail a perfor-

mance penalty, further increasing the gap between peak (guaranteed

never to exceed) performance, and realized performance for those appli-

cations. On the plus side, the metasystem will be accessible and useful

to a larger class of users and applications, not just traditional \number

crunching," and it has the potential to better leverage the commer-

cial software market by facilitating a transition to parallel computing

by commercial software vendors. Further, the metasystem presents an

opportunity to realize a PetaFLOPS system sooner by interconnecting

many sub-PetaFLOPS systems. In the �nal analysis, for parallel com-

puters to become commercially viable requires that they be made easier

to use, and thus become mainstream. Without moving away from the

laboratory-instrument model, that will not happen.

Since both BLISS and the metasystem are extremes on a spectrum,

the most likely scenarios fall somewhere between them. However, we be-

lieve that the HPC usage models that are likely to be self-sustaining and

viable over the long term fall closer to the metasystem end of the spec-

trum. Moreover, the explosive proliferation of high-performance wide-

area networking technology virtually guarantees that any PetaFLOPS

machine will be born into a computational world that is already orga-

nized into a metasystem of some sort. For a PetaFLOPS system to

operate e�ectively in this world, its design will have to take into account
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many of the considerations outlined above. Therefore, although we do

not altogether abandon the BLISS model in the discussions that follow,

we will be particularly mindful of the technology directions required for

the metasystem approach.

7.5 Discussion of Software Technology Areas

Software technology is a broad, diverse area. This section discusses the

major subcategories of this technology area and outlines the current

status, major trends, opportunities, and barriers to progress in each.

First, we state some basic assumptions and beliefs:

� There are substantial software technology problems that have not

been solved satisfactorily even on the scale of TeraFLOPS, let alone

PetaFLOPS. In general, we will focus on trends and problems that need

attention, without regard to where in the TeraFLOPS-PetaFLOPS range

the problems become severe. Indeed, as discussed above, many of these

problems are already severe and will need attention even in the Ter-

aFLOPS range.

� As discussed above, some PetaFLOPS applications can be expected to

be the lineal descendants of today's HPC scienti�c computations, while

others will be new to the HPC sphere. Many of these latter applications

will emphasize computing and information retrieval on massive data

sets. Even among the scienti�c computations, we expect to see a shift

toward a greater emphasis on computations whose structure evolves dy-

namically at run time (such as modern N-body simulation algorithms)

and/or which have nested levels of parallelism, which are not handled

well by implementation strategies based on statically computed mapping

and resource-allocation decisions. Data-intensive applications are likely

to exhibit these characteristics to an even greater extent, leading to new

demands on software technology.

7.5.1 Programming Languages and Models

Programming languages and models are the notations and underlying

concepts used for writing programs. Although there is not a sharp divid-

ing line, we can distinguish two kinds programming methods: building

software \from scratch" and assembling software by \wiring together"
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pre-existing modules, with comparatively little customization. This sec-

tion focuses on technology supporting the former method; technology for

the latter is discussed in the next section under \Programming Technol-

ogy."

Generally, programmers have been able to use Fortran and message

passing to port scienti�c and engineering codes that do not require par-

ticularly high-performance I/O to multiprocessors. Some classes of codes

have also proved to be amenable to the commercial predecessors of HPF,

CM Fortran, and MasPar Fortran. These e�orts have been the most suc-

cessful in the case of dense matrix codes, but programming costs are still

high and portability is low. We are also making progress in developing

tools for some limited domains of sparse matrix computations, but this

is still a struggle. Except for massively parallel, coarse grain, regular

programs execution speeds are often slower than comparable programs

running on vector supercomputers and developed at less cost.

Parallelizing compilers have not achieved the initially expected suc-

cess. There are still ongoing e�orts to parallelize code and also auto-

matically distribute data for distributed memorymachines. Even though

these e�orts may achieve good performance for small kernels, it is not

clear (at least until now) how successful they can be for full programs,

which tend to be large and have complicated logic.

For more detailed discussion, it is best to subdivide the broad area of

programming languages and models into several (overlapping) categories

as follows:

� Data-parallel programming models and languages. Traditionally this

model has meant lock-step parallel processing of dense vector and array

data, without task parallelism or nested parallelism. Ideas such as seg-

mented scans have extended the domain of this model somewhat, and

perhaps a more general way to characterize it today is \parallelism with

a low diversity of instruction mix." This model is exempli�ed by C*, For-

tran D, Vienna Fortran, HPF (High Performance Fortran) and pC++,

as well as lower-level programming tools for SIMD machines, such as

MasPar's MPL. Vector- and matrix-oriented, but not overtly parallel,

programming languages like Fortran 90 and APL also may be consid-

ered to fall within this category. However, of the above languages, only

HPF is being implemented commercially as a portable programming

language for parallel machines. Since HPF implementations are only
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starting to appear, its potential will not be known for some time.

Although the majority of successes in massively parallel processing have

come from the use of the data-parallel model, there is concern that it

can not handle highly dynamic or irregular computations gracefully, and

therefore the range of applications that it can handle may be limited.

Nevertheless, it probably will be possible to port e�ectively a signi�cant

subset of scienti�c and engineering codes using data-parallel language

extensions such as HPF (and related extensions for irregular problems).

� Shared-memory programming models and languages. These are tradi-

tionally models in which all data is equally accessible to all computa-

tions, without regard to where in the machine the data may have been

placed or where a computation may be performed. Examples include

thread packages such as Presto, and the technologies that have been used

for programming quasi-shared-memory machines such as the Stanford

DASH, MIT Alewife, and Kendall Square Research KSR-1 machines.

Generally, the shared-memory model is viewed as the easiest model for

programmers to use, but it is often felt to be inappropriate for massively

parallel computing because it hides communication operations. How-

ever, research into software-based distributed shared memory techniques

continues, with some promising results at moderate scales of parallelism.

Also, hardware architectures such as the DASH, Alewife, KSR-1, and

Tera computers suggest other ways of scaling up the shared-memory

model. It should be noted that data-parallel languages like HPF (or

Fortran 90) and functional languages like Sisal may also be seen as in-

stances of the shared-memory computing model in that they hide com-

munication operations (or at least make them less explicit).

� Distributed-memory (\message passing") programmingmodels and lan-

guages. In contrast to shared-memorymodels, distributed-memorymod-

els make the location of data and computations explicit, and require

explicit, programmed communication actions to bring them together as

needed. Examples include message-passing systems like PVM, Linda,

P4, and Express. Unfortunately, developing large-scale parallel pro-

grams using these packages is very di�cult and time-consuming. Cur-

rently, the MPI committee is trying to standardize a message-passing

library, but although this may become a more widespread standard, it

has essentially the same characteristics as the packages mentioned above.

Linda o�ers higher-level communication and synchronization primitives
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but still requires the programmer to manage the mapping of data and

computations to processors. Other languages that are available include

Fortran-M (Argonne) and Merlin (ICASE).

� Functional programmingmodels and languages. These models are based

on programming without side e�ects. The premise is that eliminating

side e�ects eliminates one of the major sources of di�culty in parallel

programming (read-write and write-write timing races). The majority

of functional languages guarantee deterministic execution, and in fact

make it impossible to write nondeterministic programs. Sisal is one ex-

ample of such a language. However, some \functional" languages include

constructs such as non-deterministic stream merges that allow nondeter-

ministic programs to be written. Although still viewed as experimental

by much of the community, Sisal has proven to be able to support both

optimization and expressivity. Higher-order functional languages add

even more expressive power, but good performance in production situa-

tions is not yet demonstrated.

� Object-oriented programming models and languages. These are models

based on the object-oriented abstraction capabilities of languages like

Smalltalk and C++. Instead of simplifying parallel programming the

way functional languages do (by eliminating side e�ects), object-oriented

parallel programmingmodels use the information-hiding character of the

object abstraction as a simplifying principle: the limits on interaction

between an object's users and its implementation reduce the number of

interactions that a parallel programmer needs to worry about.

Since some object-oriented programming models are explained in terms

of sending \messages" to objects, one might think of object-oriented

programming as a natural match for distributed-memory program-

ming; however, a \message" sent to an object is fundamentally an

abstraction|or logical communication|operation, whose purpose is

quite di�erent from the physical communication performed by messages

in a distributed-memory computingmodel. In fact, object-oriented ideas

can be used with any of the models mentioned above.

Numerous interesting research and advanced development projects have

been launched to extend C++ with some support for parallelism. These

include COOL (Stanford), Mentat (Virginia), and Tera C++. However,

none of these languages have been widely used yet.
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� Locality/latency management. In any scenario for PetaFLOPS comput-

ing architectures, communications management emerges as a key issue.

Some programming models, such as Fortran D and HPF, allow and/or

require programmers to specify the location of data and/or computa-

tions. Other models automate these decisions. In the long run, with

massively parallel machines and dynamic applications, programmer-

controlled locality management may prove to be unworkable; on the

other hand, automating this task with acceptable results across a broad

range of applications still poses many research challenges. In any case,

software technology will have to help with

{ Locality management: minimizing communication by suitably allo-

cating, replicating, and scheduling data and computations.

{ Latency management: techniques such as prefetching and multi-

threading (fast context switching) to maintain computational speed

even in the face of long communication or memory latencies.

Hardware support has often proven to be valuable here: examples in-

clude the use of cache memory and virtual memory for locality manage-

ment. Latency management has a shorter history but is likely to become

increasingly important as we move toward PetaFLOPS. We need to un-

derstand better how hardware and software can help each other solve

this problem.

7.5.2 Programming Technology

This category comprises programming aids that are not programming

languages or models per se.

� Modularity and code reuse. Object-oriented programming models help

separate module speci�cations and implementations and thus promote

this objective; however, even object-oriented programming does not

guarantee code reuse. More progress needs to be made in the develop-

ment of tools and programming styles that help programmers to build

modules that are likely to be reusable and to �nd existing reusable mod-

ules that will serve their needs.

� Toolkits. For mundane applications, programming in the classical sense

is becoming rarer as more and more \programming" tasks are done us-

ing tools such as spreadsheets, database query languages, user-interface

builders, and the like. Although such tools are not as general purpose as
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conventional programming languages, they are very useful within their

particular domains of applicability, and since they allow the user deal

with higher-level concepts and modules, they o�er opportunities to in-

corporate parallel processing transparently. In 1994, such toolkits play

only a negligibly small role in HPC software development, but we think

a quiet revolution is possible and likely over the next 20 years, result-

ing in a much higher level of toolkit-driven application development for

PetaFLOPS machines. This revolution should be encouraged, as it is

one of the more promising fresh ideas on the horizon for leapfrogging the

problems of moving conventional programming technology onto highly

parallel systems such as PetaFLOPS computers.

� Performance analysis and optimization. Understanding and tuning the

performance of even moderately parallel programs is already a major

challenge. We will need better tools in this area to make e�ective use

of PetaFLOPS systems. Today, research systems such as Pablo, Para-

Graph, and IPS-2 can capture and present detailed performance data

from explicitly parallel, distributed memory codes and high-level data

from shared memory codes. We lack the ability to analyze and present

data for data-parallel languages. Likewise, we can not easily accom-

modate thousands of processors without sacri�cing either measurement

detail or inducing large perturbations in observed behavior. We also lack

the ability to tune complex, heterogeneous parallel codes e�ectively. Fi-

nally, we need to do a better job of understanding the real needs of tool

users, and bridging the cultural gap between them and tool developers,

so that the tools that are developed will actually be valuable to the tool

users.

7.5.3 Input/Output

This is frequently mentioned as an important area where parallel systems

need to improve, but actually taking action to improve I/O is often

postponed. We can consider this problem in a couple of pieces:

� Data storage. It is sobering to consider the data-set and working-storage

(i.e., RAM) size for PetaFLOPS computations. If a PetaFLOPS ma-

chine needs on the order of a petabyte of working storage, then if we

want to dump this storage to disk (or its equivalent) in a time on the

order of 15 minutes or less, we will need an aggregate bandwidth to

disk on the order of terabytes per second! While providing this level
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of capability is a hardware issue, there is also the question of designing

the interface presented to the compiler/programmer. Current systems

make it di�cult to tell the �le system in advance what data is needed

and where, even if you know! Further, type speci�c access, caching, and

prefetching mechanisms can not be speci�ed, limiting the programmer

to the minimal interface provided by the operating system. To solve

these problems, we �rst need to learn much more about the types of

input/output application developers need, versus what they exploit now

due to hardware and system-software limitations.

� User interaction and visualization. The raw data resulting from a

PetaFLOPS computation will be many orders of magnitude too mas-

sive for a human being to assimilate directly. For example, if each pixel

on a display screen represented the result from 100 
oating-point op-

erations, then a PetaFLOPS machine could compute 107 1000 � 1000

display screens each second! As computer performance increases and

human performance does not, there will be an increasing need for inter-

active data reduction, visualization, and \computation steering" tools

to bridge the gap.

Suitable hardware infrastructure will be needed to support these in-

put/output requirements, but software technology will have to manage

it and make it easy to use.

7.5.4 Resource Management/Scheduling

The vast array of computational, storage, and input/output resources

likely to be found on a PetaFLOPS machine will heavily stress tradi-

tional operating-system functions such as task scheduling and resource

allocation. Additionally, if a PetaFLOPS machine is to be shared by

multiple users (as in the \seamless metasystem" scenario), operating sys-

tems will need to provide the necessary protection between users without

adding signi�cant overhead to basic operations such as communication,

synchronization, and task creation. The right hardware architecture can

make these tasks easier, but the software still has to be structured to

take advantage of the hardware.

Today's multiprocessor operating systems are primitive with respect

to the needs of their users and (often) even with respect to the state of

the art in uniprocessor operating systems. The following are some char-

acteristics often seen in commercial multiprocessor operating systems:
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� Support for only one user at a time.

� Manual resource allocation (e.g., static allocation of speci�c processors

or memory areas to speci�c users).

� Poor or nonexistent locality management (e.g., shared-memory multi-

processor operating systems that freely move processes from one proces-

sor to another).

� No mechanism for feedback from overall system conditions to local

resource-allocation decisions (e.g., suggesting that a program organize

its work to use three processors because that is how many are currently

free).

A great deal of work needs to be done in solving these and other similar

problems if a PetaFLOPS machine is to deliver anything even remotely

close to the level of service that would be expected of a general-purpose

\computing utility."

7.5.5 The Training and Experience Base of Scienti�c

Program Developers

The scienti�c-programming community traditionally has used Fortran

and now is moving toward greater use of C and C++; however, this

community has in the past been extremely reluctant to adopt new pro-

gramming paradigms. The previous sections illustrate many ways in

which new paradigms have the potential to be more e�ective than tra-

ditional paradigms in exploiting PetaFLOPS-class systems; we need to

consider how to prepare the community to accept new paradigms when

they prove to be e�ective.

7.6 Recommendations

As argued in this report, software technology is both crucial to the suc-

cess of PetaFLOPS computing and requires substantial advances in the

current state of the art and practice to achieve the desired success.

Therefore, the recommendations of the software technology group fall

into two broad categories: technical and infrastructure. Technical rec-

ommendations deal with the two major areas of work: allowing users to

achieve e�ectively the PetaFLOPS goal and a substantial reduction in

the human e�ort required to achieve the desired performance. We feel
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these two areas (machine and human-resource e�ectiveness) are strongly

connected and symbiotic. Our infrastructure recommendations propose

the development of mechanisms that will enable the technical e�ort by

requiring users and administrators of PetaFLOPS computers to recog-

nize and fund the full cost of software development e�orts. Finally, it

should be noted that two recent workshops [?], [?] have addressed the

problems of software technology in the context of the Federal HPCC

program. The recommendations of those reports apply directly to the

PetaFLOPS e�ort, with their urgency increased by a signi�cant factor.

7.6.1 Machine-E�ectiveness Recommendations

History has shown that as the degree of parallelism required to achieve

a given level of hardware performance increases, the ability of users to

use that parallelism e�ectively has decreased. A PetaFLOPS computer

would require, under the most conservative estimates, at least a paral-

lelism factor of 1,000,000. This degree of parallelism is unprecedented

from a software-technology point of view. To utilize such a system e�ec-

tively, it is crucial for the users to have software-technology aids. The

recommendations in this section address these concerns.

Signi�cant work is needed in all areas related to handling the large

data sets that will be required by PetaFLOPS systems. Users must be

able to express e�cient I/O operations at a high level and have those

operations mapped onto parallel hardware which supports parallel I/O.

Tools must be developed to visualize these data sets in an interactive

manner. The scale of data sets to be processed also will require signif-

icant advances in checkpoint and restart capabilities, as it is infeasible

to checkpoint such large images by copying them in their entirety. The

performance data on a user's program is, in itself, a tremendously large

data set. Tools and hardware support must be developed to handle this

data e�ciently and e�ectively as well.

Another area for signi�cant research and development is that of com-

pilers and automatic program mapping. While data-parallel compilers

have made advances in recent years, many of the applications discussed

in this report are not well suited to that model because of their unstruc-

tured (or at least non-array-based) nature. Users must be better able

to express their applications to the software support system so that the

system (compilers, mappers, runtime support systems, etc.) can better

match the resources available to the requirements of the users.
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There also is some discussion in this report that some applications

of PetaFLOPS computing may require access by as many as a million

simultaneous users of such a system. If this is to be achieved, a major

push in operating system research would be required. We do not fore-

see that such research would be emphasized absent this requirement or

originating from other research programs.

7.6.2 Human-E�ectiveness Recommendations

To address the inadequate state of software productivity, there is a need

to develop language systems able to integrate software components that

use di�erent paradigms and language dialects. No existing single par-

allelism model adequately covers the spectrum required by applications

today. Future applications described elsewhere in this report require

even greater diversity. We need to invest in e�orts that recognize and

merge the strengths of existing models. These models include object-

oriented, functional, and HPF-style imperative programming. It is not

su�cient to fund these e�orts independently. E�orts must be undertaken

to merge the styles intelligently and perform objective comparisons to

determine their appropriate use.

Because we are unsure of the �nal PetaFLOPS platform (and in fact

it may be heterogeneous itself), implementation of software technology

across diverse platforms must be emphasized. Software systems must

provide smooth migration from simple workstations to the most complex

parallel systems. Software systems must be tuned to deal with all of

these targets. Priority for investment should go to software systems

that demonstrate minimal changes to source code when moving across

diverse platforms, without serious losses in performance.

When evaluating software-technology projects tar-

geted at PetaFLOPS computing, \extra credit" should be granted to

those projects providing interoperability amongst software tools. Most

current software-tool e�orts focus on providing help to speci�c appli-

cations. While valuable, these projects do not provide incentives or

funding to make tools that initially were created for di�erent projects

interoperable. The same can be said for most tools developed in isola-

tion from any application project. Software-technology projects aimed

at PetaFLOPS computing should stress the de�nition and use of 
exible

interface standards and/or extensible toolkits between layers of software

(e.g., between compilers and debuggers, performance analysis tools and
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run-time systems, etc.). One way of achieving progress here would be

to fund software e�orts jointly with the explicit goal of interoperability.

We recognize that to increase human e�ectiveness further, application-

development toolkits must be designed and put into use by application

writers. For PetaFLOPS computing, we expect few applications to be

built from scratch. To solve progressively more complex problems, ap-

plication developers need an improved capability to de�ne interfaces to

their products so that other developers can reliably and e�ciently use

their products without detailed knowledge of their internal operation.

For software-tool e�orts that are closely aligned with particular appli-

cations, we recommend that one required product be the provision of a

well-de�ned and readily available interface for public access.

7.6.3 Infrastructure Recommendations

To achieve the e�ectiveness goals and recommendations, these infras-

tructure recommendations deal with the need for

1. better interactions with both hardware and application developers,

2. improved paths for developing successful research software into robust

tools for production use, and

3. broader education and training on parallel paradigms and tools.

We need to expand the forum for interchange among application de-

velopers and system software designers. Software designers need a better

understanding of the future algorithm types and problem sizes that ap-

plication developers have in mind. Application developers need a better

understanding of when and how using optimizers can save them e�ort

and when it will cost them performance. There is a particular need

to fund \races" to see which combinations of application algorithms,

software support, and computer systems can solve problems, where the

metrics for success include the time to develop the code, the execution

time of the program, and the amount of resources needed to get to a

solution.

We need to expand the forum for interchange among architecture de-

signers and system-software designers. The goal here is to study carefully

the trade-o�s between the cost of putting features in hardware and soft-

ware, where the appropriate cost measures also need to be de�ned. Areas
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where this approach is needed include: providing performance informa-

tion (with programmable on-the-
y data reduction), e�ective hardware

support for parallel I/O, handling of data layout and quick remote ac-

cess (software technologists favor a single address space), and methods

for reducing and/or hiding latency.

There is a critical need to promote the evolution of successful research

prototypes into robust, \user-ready" systems. This recommendation fol-

lows closely a recommendation from both previous software technology

workshops. Funding agencies must recognize the need to take successful

research projects to the next level of robustness for production use by

code developers. These transitions require substantially greater funding

than the corresponding research funding (per project). Agencies can

leverage some of these costs by encouraging the involvement of inde-

pendent software vendors (through SBIRs and other similar vehicles)

and requiring that research software be distributed (and used!) through

software exchange facilities. The long-range goal would be to transfer

research software into pro�t-making products supported solely by com-

panies.

Another approach that needs to be encouraged in this area is that of

software \trickle-up." The current market for workstation and PC-based

software is huge, and while there is little applicability of software such

as word processors and calendar managers to PetaFLOPS computing, it

may be possible to leverage this market in other ways. Particular areas of

emphasis should be support for porting scienti�c applications, leveraging

and in
uencing the emerging multiprocessor workstation compiler tools,

and networked operating-system functions.

Finally, and perhaps most importantly, we need to support expanded

education and training on parallel paradigms and tools. Parallel com-

puting is an enabling technology for an expanding set of application

areas. The training of potential users must be broadened to include

diverse models of parallelism and techniques for layerable and reliable

system implementations. While we support Fortran (and its variations)

as one model, we strongly recommend it be included as a part of a more

comprehensive view of programming techniques.
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7.7 Epilogue

Policy makers, funding agencies, and technology forecasters have an un-

derstandable interest in quanti�able metrics, fundamental limits, levels

of investment, rates of progress, and milestones; hence, it is natural for

the qualitative and unpredictable nature of progress in software tech-

nology to cause frustration. We have tried to explain the reasons why

software technology is like this and why it is nonetheless a vital area in

which progress is needed urgently.

In fact, there has been great progress in software technology over

the last 40 years, but it has been episodic and (as always) di�cult to

quantify, which gives it quite a di�erent character from the seemingly in-

exorable march of hardware technology. There is every reason to believe

that continued software technology progress of the same kind is possible

in the future, and that under the right conditions it can deliver urgently

needed bene�ts in the realm of HPC up to and including PetaFLOPS

systems. In this report, we have outlined the major areas of software

technology in which progress is needed and possible. We have also stated

our strong belief that a key requirement for a good rate of progress is

setting the proper context for software technology development, includ-

ing (1) leveraging the commercial marketplace and (2) fostering strong

working partnerships of software technologists with hardware architects

and application specialists.

However, the software-technology challenges

of supporting PetaFLOPS computing rates over a broad spectrum of

applications are indeed formidable, and meeting them will require some

great new ideas, not just extrapolation of existing trends. Although

committees can extrapolate trends with some success, the \break the

mold" ideas that will allow us to reach the PetaFLOPS goal will come

from brilliant and inspired individuals, not from committees such as

ours. Investments such as those described in the preceding sections cer-

tainly will be important, but the most important investment that can

be made is in attracting these special individuals to focus their ener-

gies on HPC software technology and ensuring that they then have the

resources needed to make an e�ective contribution.





8 Major Findings

This �rst comprehensive review of the emerging �eld of PetaFLOPS

computing systems produced a number of important �ndings that

broadly de�ne the challenge, opportunities, and approach to realizing

this ambitious goal. While a number of these conclusions derived di-

rectly from individual working groups as discussed in Part II, the pri-

mary conclusions were arrived at by joint consideration and cut across

the groups. Even where a key observation was initiated by a speci�c

working group, its real signi�cance was only established when examined

in the context of the other subdisciplines covered by the remaining work-

ing groups. This chapter brie
y presents each of these major �ndings

with discussion. Their implications for future work are presented in a

following chapter.

8.1 Summary Position

A PetaFLOPS computing system will be feasible in two decades and will

be important, perhaps even critical, to key applications at that time. Its

practicality will rely, in part, on continued advance of the semiconductor

industry both in speed enhancement and in cost reduction through im-

proved fabrication processes. While no paradigm shift is required in sys-

tems architecture, active latency management will be essential, requiring

a very high degree of �ne-grain parallelism and the mechanisms to ex-

ploit it. One tenable path in device technologies is a mix of technologies

including semiconductor for main memory, optics for interprocessor (and

perhaps interchip) communications and secondary storage, and possibly

superconducting for very high clock rate and very low power processor

logic. E�ectiveness and applicability will rest on dramatic per device

cost reduction and innovative approaches to system software and pro-

grammingmethodologies. Near term studies are required to re�ne these

�ndings through more detailed examination of system requirements and

technology extrapolation.

8.2 Feasibility

Construction of an e�ective PetaFLOPS computing system will be fea-

sible in about 20 years. This assumes continued rates of growth in key
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technology areas, advances in others, and development of the necessary

software technology. Acceleration of this event is unlikely unless unan-

ticipated breakthroughs occur in areas not considered. Even within this

time frame, signi�cant work will be required to turn the raw device tech-

nologies into working and useful systems. These predictions are based

on extrapolation of SIA projections and consequently incur some uncer-

tainty.

8.3 Broad Potential Use

There are and will be a wide range of applications in science, engineer-

ing, economics, and societal information infrastructure and management

that will demand PetaFLOPS capability in the near future. Many prob-

lems in computer simulation across diverse disciplines will not achieve

maturity until systems of this scale become routinely available. Results

from such simulations will drive the technologies of the future and feed

our understanding of the universe at unprecedented levels of re�nement.

Nonetheless, the most important applications may be in regimes we can

not predict but which will be inspired by these extraordinary capabili-

ties.

8.4 Cost a Pacing Item

More than any single aspect of a PetaFLOPS initiative, cost will domi-

nate the ultimate viability of such systems and the likely time frame in

which they will come in to practical use. If such a system were imple-

mented today using brute-force techniques, it would cost more than a

hundred billion dollars. This is prohibitive and will have to be reduced

by orders of magnitude to become realizable. Even with aggressive goals

of advances to be made, system costs are still expected to fall between

$100 Million and $1 Billion.

8.5 Reliability Manageable

Because of the cost considerations above, a PetaFLOPS system will only

be feasible if device integration density places an upper limit on compo-

nent count of between a hundred thousand and a million. This is within
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the range of the largest systems being manufactured today. Therefore, it

is concluded that the reliability of a PetaFLOPS computing system will

be acceptable using known techniques. However, some question remains

concerning reliability of on-chip devices as density and wafer size enable

chips containing a billion transistors.

8.6 MIMD Model

No fundamental paradigm shift in system architecture is required to

achieve this four orders-of-magnitude gain in performance over today's

most powerful computing systems. A Non-Uniform Memory Access

(NUMA) MIMD structure with possible SIMD elements can provide

the key resources and control necessary to provide and organize pro-

cessing rates on a PetaFLOPS scale. However, many of the details will

di�er markedly from conventional multiprocessors as discussed below.

Of course, while this �nding is considered valid for classes of applica-

tions understood today, it is not clear what additional requirements

will be imposed by new applications evolving in the context of available

PetaFLOPS computing.

8.7 Latency Management and Parallelism

An important characteristic that distinguishes a PetaFLOPS system

from conventional MPPs is its wide diameter, which is a measure of the

number of clock cycles required for an access request to propagate across

the machine. The resulting latency is so substantial that without means

for hiding it, system e�ciency will su�er unacceptably. Among the

means of managing latency are pipelining of communication and single-

cycle context switching such as that employed by multithreaded archi-

tectures. To achieve this will require the exploitation of vast amounts

of parallelism. It is anticipated that many millions of requests will be

underway simultaneously, requiring much work in parallel to keep the

system processing resources busy. Two feasible alternatives are very low

latency systems with a few (1000) very high-performance processors,

and systems with millions of processors where almost all accesses are to

local memory. For either alternative, latency hiding mechanisms would

not be as critical a capability.
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8.8 Riding the Semiconductor Technology Wave

The level of investment being applied to technology development by the

commercial semiconductor marketplace is substantial and greatly ex-

ceeds any augmentation likely from government research grants. Thus,

the opportunity for in
uencing expensive development cycles is limited.

This situation is made more emphatic by the tight coupling between

mass production and component cost. Specialty parts become signi�-

cantly more costly than mass produced commodity parts of equivalent

complexity. As a result, any initiative to develop a PetaFLOPS com-

puter will have to rely heavily (although not exclusively) on commer-

cially available components. By leveraging advances occurring as a com-

mercial by-product, development costs can be acceptable. But the time

to achieve PetaFLOPS will be determined by the \Technology Wave"

on which the development is riding.

8.9 Memory

Memory will drive cost as well as many of the architectural decisions.

Several of the important �ndings relate to memory and are grouped in

the following subsections.

8.9.1 Size

The dominant constituent element of the PetaFLOPS computer is its

primary memory. The popular rule-of-thumb is that memory should

scale linearly with system peak performance. The assumed implication

is that a PetaFLOPS scale system would incorporate a petabyte of main

memory. It was found, however, that for entire classes of scienti�c and

engineering applications, this scaling factor was not valid and that the

storage requirement was considerably less. For many cases a scaling

factor of the 3/4 root provided an upper bound, with a portion of the

probable applications demanding signi�cantly less. As a consequence,

the memory size will be between 10 and 40 terabytes. However, there are

instances where more memory is desirable as will be mentioned below.
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8.9.2 Bandwidth

To handle the large number of simultaneous transactions required, mem-

ory bandwidth will have to be signi�cantly increased with respect to

memory size over today's standards. The actual on-chip memory band-

width is very high and it is only its interface to external devices that

inhibits its use. New memory organizations that overcome this limita-

tion will be essential in the PetaFLOPS system design.

8.9.3 Global Name Space

A common name space across the machine, while not required by some

applications, is a valuable means of simplifying programming, imple-

menting resource management software, and (through hardware sup-

port) minimizing overhead for �ne-grain remote access requests. In this

last case, where �ne-grain parallelism is required for scalability, software

overhead in managing address space translation is not tenable as it often

would overwhelm the useful work to be performed. Support of a global

name space is important for both human and machine e�ectiveness.

8.9.4 petaByte Computer

A separate although related topic is a class of computers that empha-

sizes memory more than performance. Many information management

applications of the future may be more dependent on availability of

main memory than on peak performance. This is really a di�erent class

of computer than the PetaFLOPS computer which is the focus of this

workshop. But it is a conclusion of the workshop that memory intensive

systems will play a signi�cant role.

8.10 Software Paradigm Shift

Tha Achilles' heel of exploiting massively parallelism is that the pro-

grammingmethodologies being used and the resource management soft-

ware are completely inadequate to the challenge. An entirely new pro-

gramming paradigm may be essential to the e�ective use of these sys-

tems, and it must extend beyond the central computer to incorporate

semantics that deal with the information infrastructure in which such

systems will be embedded. One area for hope is that complicated com-

pile time analysis algorithms (only at the fringe of being possible due
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to their intense compute requirements) will be facilitated greatly by the

availability of a PetaFLOPS capability.

8.11 Merging of Technologies

Device technologies of the future may exhibit more disparate character-

istics that the rather exclusive and homogeneous use of semiconductor

technology today. It was concluded that the merging of several tech-

nologies would give a stronger PetaFLOPS system than attempting to

implement it from only one basic technology. This is similar to fabricat-

ing structural elements such as steel reinforced concrete from distinct

materials: the concrete provides superior compressive force while the

internal steel rods yield exceptional tensile strength. Likewise, super-

conductive devices will provide extremely high-speed logic, and very

low power optics will give the system the necessary internal bandwidth,

while semiconductor technology will be used for the high-density main

memory.

8.12 A Role for Superconductivity

As indicated above, a surprise to many of the workshop participants was

the plausible application of superconducting technology to the challenge

of implementing a PetaFLOPS computer. The improvement in clock

speed of perhaps two orders of magnitude over semiconductor speeds

will be important to cost-e�ective system production. But the low power

requirements compared with those anticipated for semiconductor pro-

cessors may be crucial. This being the case, the relatively low support

activity for cryogenic digital technology in the U.S. is a topic of some

concern.

8.13 Optical Logic Unlikely

A disappointment to many participants was the unavoidable conclusion

that for general-purpose computing, optical technology is unlikely to

provide a path to high-density, high-speed, low-latency logic that can be

used in the PetaFLOPS computers. While there may be a role for such

devices for very specialized hardwired computing systems, their use as
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constituent elements of the class of systems targeted is not tenable.





9 Issues and Implications

The results and consequences of this historic workshop go beyond the

primary �ndings presented in the previous chapter. A number of impor-

tant issues were considered that have direct bearing on the potential of

PetaFLOPS-scale computing systems and possible directions of future

research leading to this achievement. These issues are presented in this

chapter and their implications discussed.

9.1 Why Consider PetaFLOPS Now?

The aggregate networked compute power in the United States today

is estimated to be between 10 and 100 TeraFLOPS; by the end of the

decade it is expected to reach a PetaFLOPS. The focus of this workshop

was to determine the means of implementing a single computer capable

of more performance than all the computers on Earth put together. Far

from being treated as unduly premature or even super
uous, the goal

was dealt with seriously and in earnest by all participants. Why?

The fundamental issue driving this workshop is that the stakes are too

high for the U.S. to leave this future technology in the hands of other

nations. It may be that dealing with the PetaFLOPS question now will

not have a demonstrable e�ect on the computing industry for some years.

But, when the technology begins to have impact, the ground work will

have been laid years in advance, and only those nations having previously

invested in the underlying enabling technologies will be positioned to

play a commanding role in its exploitation.

Results from this workshop indicate that the U.S. is already lagging

in speci�c technologies that may be crucial to PetaFLOPS computing.

The U.S. is no longer the premier producer of high-density memory

technology. Yet, one of the key �ndings is that memory will be the

major component determining both the capability and the cost of such

systems. A nation that cannot produce competitive high-performance

memory will not be able to compete in the PetaFLOPS market. Another

example is cryogenic Josephson Junction technology. Once the world

leader, the U.S. has been displaced by Japan in the production and

application of this technology and now we have seen that it may be

crucial to low power, high-speed processing at the PetaFLOPS level.

This workshop constituted a deliberate and concerted e�ort by the
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U.S. to determine the critical capabilities required to take a leadership

role and to establish now an initial path in that direction. An open issue

at the beginning of this workshop was the merits of the subject itself.

The implications of the workshop �ndings is that not only does the topic

warrant consideration and is timely, but that early action must be taken

in the areas of devices, architecture, and system software to ensure U.S.

capability into the next century. Therefore, an important implication

of the �ndings of the workshop is the legitimization of the discipline of

PetaFLOPS computing systems.

9.2 Role of a PetaFLOPS Computer

The stereotypical image of a supercomputer and its small user com-

munity working on a narrow range of scienti�c applications in the

depths of some laboratory machine room is unlikely to be mirrored by a

PetaFLOPS system some years hence. It is much more likely that such

a facility will ordinarily be shared by many users distributed throughout

the country on a wide array of applications and information support ser-

vices. Indeed, it has been proposed that a PetaFLOPS system may not

be a single computer but rather a more loosely integrated confederation

of computers. Such a confederation can cooperate on the execution of

one or more very large programs, but more frequently engage in the sup-

port of a larger user base performing a number of smaller problems by

time-slicing and space-slicing available resources. The issue is not one of

wasting precious high-end resources on less important smaller problems.

Rather, key to the success of PetaFLOPS computers is broadening their

relevance across a much wider user base so that their market share be-

comes su�cient to amortize their development costs across a greater in-

stalled base. Also, the class of applications demanding high performance

will extend well beyond the classical scienti�c problems to include gen-

eral information infrastructure and management services. It is possible

to imagine tens of thousands of users simultaneously accessing a single

information archive. Visual presentation of complex data through real

time interactive animationmay become the norm demanding this scale of

capacity. The applications working group and software technology work-

ing group considered many other means of employing PetaFLOPS sys-

tems. But the overall conclusion is that the role of computers must and
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will diversify as opportunities permit new mass-appeal applications and

economics demand cost-e�ective implementation of PetaFLOPS com-

puters through mass production and markets.

9.3 Side-e�ect Products

It is assumed that a computer, no matter how powerful or how far in the

future, cannot exceed some magic dollar �gure (normalized for in
ation)

in customer cost or otherwise it becomes inaccessible for procurement.

For purposes of discussion, this �gure was �xed at a level of $100M.

This sets an upper bound on the cost of devices and subsystems com-

prising the PetaFLOPS computer. Also, assuming an approximately

linear scaling of cost to performance and the general scalability of the

subsystem ensembles making up the PetaFLOPS machine, then a sys-

tem in the cost range of a high-end workstation today would deliver a

large fraction of a TeraFLOPS. Thus, a spin-o� of the PetaFLOPS re-

search would be workstations more powerful than this Nation's largest

computer today. While this may seem farfetched, it is consistent with

experience. A high-end lap top today equals or exceeds the performance

of the largest mainframe computers around 1970. A high-end worksta-

tion today equals the performance of a CRAY 1 in 1975. Should we be

so surprised that this relative performance advance may repeat itself?

More seriously, even today, an ever increasing percentage of the scien-

ti�c computing workload is being migrated from the supercomputer to

the desktop workstation due to their relatively high availability. The

implications of TeraFLOPS capability at everyone's �nger tips is very

exciting and should revolutionize scienti�c discovery.

9.4 Impact of Exotic Technologies

The preeminence of semiconductor technology over alternative possibili-

ties has limited the availability of R&D funds for such interesting devices

as cryogenic and optical digital components. In relative terms, funding

for cryogenics has been shrinking with respect to investment in semi-

conductor fabrication. Optical technology has avoided starvation only

because of the impact of long distance �ber optic cables for communica-

tions and mass market optical disks for storage of consumer music and
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video images. And it is expected that semiconductor technology will

continue to play an important role over the next two decades includ-

ing support for PetaFLOPS systems. But, in spite of the dominance of

semiconductor devices now and into the future, the workshop found that

semiconductor technology will probably not be adequate and that these

more exotic technologies are likely to be in the critical path to success.

Two key observations were made during the workshop that altered

the perspective of many in participants in considering the right mix of

technologies making up a PetaFLOPS computer. JJ technology would

appear to provide a viable path to clock rates of between one and two

orders of magnitude beyond current speeds. More importantly, super-

conducting devices consume very little power and therefore dissipate

only a small amount of heat. The amount of power required to run an

all-semiconductor machine may be prohibitive. A processing element

comprising JJ devices may be an essential means of making PetaFLOPS

computing practical. Also, it became clear that the cooling systems

even in the worst case (the present situation) are tolerable and would

not unduly burden the support infrastructure. Furthermore, little work

has been done to make cooling of superconducting elements more e�-

cient, but the problem should yield to concerted e�ort. One weakness

of cryogenics is the lack of a satisfactory high-density memory device.

Optical technology can produce pulses measured in femtoseconds. But

photons do not easily interact and it became clear that logic gates de-

rived from purely optical means were unlikely to provide the basis for

a PetaFLOPS computer. Fiber optics on the other hand exhibit excep-

tional bandwidth which is going to be critical in handling the enormous

message tra�c between very high-speed processors and the terabytes of

global memory. This is certainly going to be true across boards and

perhaps even between integrated circuits, although there is some con-

troversy on this point. In addition, the massive amount of archival

information to be stored for retrieval in the emerging globally-accessible

depositories may demand the densities that in the future will be pro-

vided optically. It was also noted that optical communication channels

make good interfaces to superconducting circuits because of their low

thermal conductivity properties.

The implication of these �ndings is that a possible PetaFLOPS com-

puting system may comprise substantial elements of all three technolo-

gies. More to the point, it may be essential that all three technologies
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be incorporated to realize a viable system at the intended performance

level. Therefore, some investment of these two exotic technologies in the

immediate future would be prudent, if for no other reason than to ascer-

tain their true potential in meeting the needs of a PetaFLOPS system.

9.5 Performance Versus E�ciency

Historically, computer performance has been measured in peak through-

put providing a rarely unattainable upper bound. Sustained perfor-

mance gives a somewhat more realistic measure of behavior, albeit for a

speci�c application. But as most of us have experienced with high-end

computers, the real time that counts is the development time, or \time

to solution," for the application software. This can be very di�erent

from the few minutes to few hours of execution time used when an ap-

plication code �nally is debugged and optimized. But the real cost to the

end user seeking a solution to a problem is the days, weeks, or months of

program development time required. The undeniable conclusion is that

systems designed for peak performance while sacri�cing programmabil-

ity are optimizing the wrong objective function. It may make good

marketing but it makes for ine�cient and even poor science. This point

has been brought home repeatedly across many science and engineering

disciplines in the last few years as many computational scientists have

endeavored to run edge-of-the-envelope Grand Challenge-scaled appli-

cations on massively parallel processing systems. The lesson has been

that such systems are very hard to program and optimize due to the

complexity of managing distributed resources and the unavailability of

advanced tools to assist in this task.

A PetaFLOPS computer, if anything, will extend greatly the dis-

tributed nature of the computing resources and so signi�cantly aggravate

the apparent di�culties that the time to solution could be extended to

an unacceptable degree. An important implication of this trend is that

it may be necessary to rethink what is important to emphasize in system

design and be prepared to trade lower sustained performance for shorter

program development time. Clearly, reducing the application code de-

velopment time by a factor of two perhaps saving weeks is well worth

doubling the execution time which may cost hours. This is a di�cult

mind set to establish coming out of the supercomputer era but it may
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be necessary if PetaFLOPS system are to be of actual use in the real

world rather than an expensive computational instrument in a national

laboratory.

9.6 Programming Paradigms

It is mandatory, in light of the above, to consider the question of pro-

gramming paradigms. The HPCC program is developing message pass-

ing and data-parallel models and languages for programming scalable

parallel computers up to the TeraFLOPS performance level. While these

methods have yielded successful execution of some large and important

problems, these successes have come at the expense of arduous pro-

gramming e�orts. And, these e�orts have been made even more di�cult

because the languages employed simply do not provide the expressive

power required to adequately harness such complex systems and match

their resources to the demands of ever increasing dynamic and irregular

applications.

The intransigence of the scienti�c programming community to relin-

quishing Fortran is slowly giving way to a recognition that a richer

methodology is essential to e�ective exploitation of massive parallelism.

Even with this emerging realization, there are few strong alternative

candidates and less concurrence on the best approach. This is a prob-

lem that has to be solved before PetaFLOPS computing can be viable.

While we do not know what the language is, we can put forth some

of the things it must do. It must enable all of the application par-

allelism in its many possible forms to be exposed to the underlying

system (hardware and software) implicitly or explicitly. It must depict

the abstract data movement of an algorithm and task concurrency and

interdependencies such that compile-time and run-time resource man-

agement strategies can perform process scheduling and placement in a

near optimal fashion. It must allow very high level descriptions of tasks

to be performed to minimize the amount of detail required by the pro-

grammer. It must support diverse parallel execution models permitting

mixes of styles seamlessly in a single application program.
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9.7 U.S. Capabilities in Memory Fabrication

A basic �nding of the workshop was that memory will constitute a ma-

jor part of the PetaFLOPS computing system and impose the foremost

component of cost. An important issue is whether or not a country

intending to be a dominant force in the PetaFLOPS market can do so

without also having a commanding lead in DRAM and SRAM fabrica-

tion and manufacturing. One observation is that the U.S. is no longer

the leader in memory production, but is a major producer of computing

systems. Therefore, it may be argued, a similar balance could exist 20

years from now. The opposing view is based on two observations about

the PetaFLOPS systems. First, it is expected that the PetaFLOPS sys-

tem will be signi�cantly more memory intensive relatively speaking with

respect to processor and communication logic than systems today. This

is because achieving the required aggregate processor throughput is a

function of both increased logic density and increased clock speed while

memory size is helped by density improvements alone. As a consequence,

the relative proportion of the machine will become more heavily biased

to memory. Thus the impact of having to rely on foreign memory may

be prohibitive. But perhaps the second reason is more important. At

least one of the three architecture concepts considered by the workshop

requires that both memory and processor logic be integrated on a single

die to maximize memory to processor bandwidth. Memory implemen-

tation methodology is evolving into a specialization that does not track

advances in logic. Therefore, in order to implement high density, high-

speed combined processor/memory modules, a source must be skilled in

the state of the art in both technologies.

9.8 Special Widgets, Where to Invest

While the focus of PetaFLOPS system design will be the integration of

commercially available components, there may be requirements for mod-

ules derived expressly for use within such systems. However, the design

of even a few custom integrated circuits may so overwhelm the develop-

ment cycle that it could become the most signi�cant part of the system

realization. Also, the per component cost for custom parts used only

in such high end systems may become a disproportionately large cost
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factor. This is an issue because avoiding the use of parts not commer-

cially available may severely constrain design choices and limit system

e�ectiveness. This issue was left open because there were proponents of

both views. To resolve this question will require detailed analysis of the

trade-o�s including the resource demands of a representative workload.

9.9 A Range of Architectures

No single architecture was adopted, but three were considered that var-

ied in terms of processor granularity, clock speed, and latency. The

reason for this lack of convergence was not failure to reach consensus

but rather a recognition that there are several viable approaches to be

considered. Until greater certainty is possible in terms of technology ca-

pability and best performance to cost, it is advisable to examine a range

of alternatives. The processor speeds assumed range from a TeraFLOPS

at the high end to 10 GigaFLOPS at the low end, per processor. At the

high end, communication latency is assumed to be low, and accesses to

memory banks are overlapped. This would be a uniform access, shared

memory machine. The other extreme has memory and processors on the

same chips providing very good local memory access and high system-

wide memory bandwidth, although of a local nature. Such a system may

not support a shared-memory model through hardware, although it is

possible. The �nal architecture considered was the middle ground of on

the order of 10,000 processors capable of multithreading to hide latency

and sharing the global memory.

The three architectures vary both in the demands they impose on tech-

nology and in the class of applications that would be best supported by

each. For example, the classic form of data-parallel applications with

regular and local accesses dominatingmight be performed to best advan-

tage on a machine where local memory is most accessible. Applications

with somewhat limited parallelism would be most suited to the high-

end processors with low latency to global memory and fewer processors.

Irregular and time-varying problems with abundant parallelism could

bene�t most easily from the middle system, one whose thread schedul-

ing adapts to conditions of variable latency.

The workshop actually considered a single heterogeneous system com-

prised of one of each architecture such that the total performance was
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a PetaFLOPS but each constituent computer was some number of hun-

dreds of TeraFLOPS. This was based on the expectation that for any

single problem, at least one of the three machines would be well suited

to its needs. This then would yield a better performance to cost across

a diverse workload than any single one of the architectures scaled to

a PetaFLOPS. Other heterogeneous structures are possible also and

should be considered in detail as part of follow-on studies.

9.10 Far-side Architectures

It was found that a tenable approach to PetaFLOPS architecture could

be derived from a balance of known processor and memory architecture

techniques combined with somewhat less conventional but still under-

stood latency hiding techniques. Consequently, with the limited time

available, no additional architectural structures were considered. This

may, in fact, prove to be the right course of action in the long run. But

it is not out of the question that a more radical departure in parallel ar-

chitecture might bring PetaFLOPS performance within reach in far less

than the 20 years estimated. This is particularly true for domain-speci�c

architectures targeted toward a restricted class of applications. Cellular

automata, systolic arrays, and associative memory are all examples of

architectures that perform a narrow set of operations at extremely high

rates. With the merging of processing in memory, a mix of the above

might be possible that permits a class of general computing structures

exploiting the performance bene�ts of each. While highly speculative,

some thought needs to be given to possible alternatives that conceivably

could greatly shorten the time to realizing petaOPS (if not PetaFLOPS)

systems.

9.11 Latency Hiding Techniques May Help
Smaller Machines

It was recognized that as e�ort is invested in designing a PetaFLOPS

computer, some of technology and techniques devised may have value

in other sectors of the computer market. It was mentioned previously

that this might be essential for the larger systems to be economically

viable. Also, the possibility for a TeraFLOPS workstation is an exciting
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prospect. Another is the recognition that the latency-hiding methods

devised for the PetaFLOPS systems may be entirely appropriate for

the less demanding systems of tens of processors or even uniprocessors.

The key characteristic is that these methods are run-time adaptive and

will not su�er the sort of performance degradation being experienced by

High-Q processors with caches attempting to run large scienti�c prob-

lems with data exhibiting low locality.

9.12 Long versus Short Latency Machines

While much time was spent considering large diameter machines, an

alternative that has worked well in the past was also considered. Short-

latency machines have signi�cant advantages over long-latency machines

in terms of programming and e�ciency. Supercomputers such as the

CRAY 3 achieve much of their performance from a combination of very

high clock rate and very short transmission distances between modules.

Assuming density continues to increase, it is possible to imagine very

small machines with short diameters. This would provide a true shared-

memory system with all resources equally accessible. The engineering

challenges to achieving this are formidable but merit further inquiry.

9.13 SIA Predictions

An important contribution to the workshop was the baseline of industry

projections for the growth of semiconductors. It is important to note

that the �nding of a potential PetaFLOPS computing system in 20+

years is based on raw extrapolation of the SIA predictions. This is

dangerous not only because the detailed work to extend these projections

has not been done, but because it is understood that new quantum

e�ects will begin to take hold beyond the levels of integration dealt with

by the SIA studies. Therefore at lithographic resolutions �ner than 0.1

microns, it is unclear how the semiconductor technology will evolve.

The implication is that there is a degree of uncertainty in the workshop

�ndings above and beyond ordinary projections, and planners have to

be cognizant of the risks based solely on this study.
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9.14 I/O Scaling

While the focus of architectural considerations were on processor speeds

and memory bandwidth, another area of importance is input and output

mechanisms to secondary storage and networks. It was recognized that

I/O would scale less than linearly with system performance and might

not prove as di�cult to achieve as some of the other challenging system

requirements. Nonetheless, given recent history with I/O bottlenecks

on current MPP systems, the issue warrants a deeper examination. For

example, just �lling the main memory of such a computer imposes a

substantial burden on the I/O subsystem. Suppose one wants to check-

point the memory contents just once an hour and the memory comprises

approximately 30 terabytes as proposed by the Applications and Archi-

tectures working groups. This alone would impose an average demand

of 10 gigabytes per second bandwidth. But, in fact, one would not want

this overhead to be more than a small fraction of the overall system us-

age, or about �ve percent. Then the required I/O bandwidth increases

to about 200 gigabytes per second. Today's disk drives might provide

10 Mbits per second peak. To absorb the checkpointing data rate on

such a system would require on the order of 100,000 disk drives. This is

an imposing number and makes clear that PetaFLOPS systems as being

envisioned require detailed consideration of the implications for I/O and

secondary storage support infrastructure. Moreover, the problem is ex-

acerbated if the main memory is actually in the range of a petabyte as

some futuristic applications were thought to require, increasing demand

by more than another order of magnitude.





10
Conclusions and Recommendations

10.1 Concluding Observations

A PetaFLOPS computing system is feasible and therefore will be devel-

oped. The key questions are: when?, by which nation?, and how will it

be used? The tentative answers derived from this workshop are a mix of

optimism and caution. Between the lines are concerns to be considered

by planners in the near future.

10.1.1 When?

Twenty to 25 years if current technology trends continue and speci�c

enabling technologies are matured.

10.1.2 By whom?

It will be developed, marketed, and applied by the nation(s) with a

leading semiconductor industry; a dominant high-speed, high-density

semiconductor industrial fabrication capability; an aggressive, advanced

device technologies applied research program in optics and cryogenic

Josephson Junction devices; and a sophisticated software technology

methodology and infrastructure.

10.1.3 Usage?

If targeted only to Grand Challenge-scaled applications using antiquated

programmingmethods, such systems will be unusable, una�ordable, and

unlikely to be realized.

If targeted to both the growing scienti�c and engineering commu-

nities and to the broader information management mass-market com-

munity of the future, with advanced rapid-programming methodologies

and integration as part of the national information infrastructure, it

will be economically viable and used directly or indirectly by millions of

information-action driven consumers.

10.1.4 Long Lead to Research-derived Products

The challenge for this Nation's advanced technology program is to

recognize the lead time required to be positioned competitively when

PetaFLOPS capability becomes feasible. Applied research starting in
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the near future will be necessary to be competitive in the 15 to 20 year

time frame, even though the products of such advanced work may not

have short-term impact. To make a long-term commitment to stay the

course requires strong con�dence in the chosen path. A �rst step in that

direction is the reduction in uncertainties remaining after the workshop.

The objective is to narrow the scope of possible paths, minimizing the

risk of each, and eliminating high risk, low reward directions.

10.1.5 Leverage Mainstream Hardware and Software

Technology

High-performance computing must become mainstream with participa-

tion of major ISVs and the ability to leverage mass market software

development. This means that systems must be made compatible with

commercial software, and programming models must be available to

ISVs to permit them to enter the parallel programming world with high

con�dence in commercial success.

10.1.6 Value Beyond Applications

Development of the PetaFLOPS computer exceeds the worth implied

by the sum of the applications that could make use of it. It will drive

creativity, technology, and capabilities essential to U.S. competitiveness

in many arenas in ways which cannot be foreseen but which will be of

extreme value and importance.

10.1.7 Intellectual Synergism

An important immediate consequence of this workshop beyond the

greater understanding of PetaFLOPS computing systems achieved was

the extraordinary synergism and cross fertilization of ideas that occurred

among some of this Nation's major contributors to computer science.

10.2 Recommendations for Near-Term
Initiatives

While the workshop assembled a highly quali�ed group of experts, many

details were left unresolved. Prior to major initiatives being undertaken,

it will be necessary to engage in short near-term studies to sharpen the

�ndings of this report. These studies are necessary to better understand
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the balance of resources required by the applications to use such systems

and to establish a more precise prediction of technology trends for the

next decade and a half.

10.2.1 Superconducting Technology

Identify key areas of research in JJ device technology for which a small

amount of funding in the near term will signi�cantly reduce uncertainty

about the potential of this technology to contribute to petacomputer

implementation. Speci�c topics include:

1. Superconducting memory for bu�ers, registers, and cache

2. Clock speeds of devices likely to be achieved

3. Optical connect to external world

4. Densities likely to be achieved

5. Ways of lowering cooling overhead.

10.2.2 Scaled-up Applications Resource Requirements

A study leading to more complete understanding of the resource de-

mands imposed by applications. This is an extension of the applications

working group results. A particularly important result is knowledge

of memory requirements for applications running at PetaFLOPS levels.

This needs to be done across a broad range of applications. Also im-

portant is study of the available parallelism and granularity to achieve

better understanding of the implications of irregular and dynamic ap-

plications on system resource management mechanisms.

10.2.3 A Future Application Scenario

A study of possible resource demands for future applications enabled by

PetaFLOPS/Petabyte computers, such as full immersion multimedia re-

altime interactive scienti�c/engineering and general-community virtual

environments drawing upon information and processing resources across

the country.

10.2.4 Detailed Architectures

A study leading to a complete sketch of one or more petacomputers. This

study is to include primary resource requirements and �rst-order behav-

ior characteristics. From this comes an understanding of clock speeds,
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number of processors, aggregate required interprocessor and memory

bandwidth, latencies, level of parallelism, and pacing items in device

technology.

10.2.5 Extend SIA Projections

Extend SIA projections beyond 0.1 microns to provide better predictions

of semiconductor technology capabilities in 20+ years. This is impor-

tant to limiting uncertainty about the viability of certain paths. These

projections should be considered for both processor logic and memory

devices as recent evidence suggests they are following di�erent growth

and scaling paths.

10.2.6 Programming Methodologies

An objective review of possible programming methodologies and re-

source management techniques with the goal of focusing on approaches

that go beyond HPCC models and may contribute to petacomputer us-

ability. Through such an examination, some over-the-horizon questions

might be identi�ed which currently are obscured by short-term consid-

erations.

10.2.7 Alternative Concepts and Approaches

A survey of those emerging �elds and approaches that may be relevant

but which were not examined in detail by the workshop. The goal here

is to make certain that possibilities are not overlooked, even if the ideas

are incipient and di�cult to evaluate. It is, however, from such areas

that unanticipated breakthroughs occasionally come, dramatically alter-

ing the course of technology evolution. Areas of consideration might in-

clude molecular computing, neural nets, optical logic for special-purpose

applications, machine self-programming means, and other possibilities

of a radical nature (and high risk) not considered in any detail at this

workshop.

10.2.8 Alternative Architectural Approaches

Among the more radical areas that should be delineated, if not explored,

are alternative architecture paradigms. Upon examination of the known

data, the workshop clearly concluded that modi�cations of conventional

approaches would su�ce to bring PetaFLOPS capability. But, implicit
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in this seminal �nding is the caveat that we have to wait 20 years. It

is conceivable that a di�erent, unconventional approach to computer

architecture might provide a di�erent development path converging on

PetaFLOPS performance much earlier, at least for domain-speci�c work-

loads. Prior to starting a substantial research program, all the known

possibilities should be exposed for consideration, even if not pursued to

any extent.

10.2.9 Cheap TeraFLOPS Machines

As noted in Chapter 9, a side e�ect of developing an economically vi-

able PetaFLOPS computer technology is the possibility of inexpensive

TeraFLOPS systems in a range that may make one available to every

computational scientist. It is appropriate even now to engage in a design

study to explore the architecture and device technology issues related

to TeraFLOPS workstations. These may become as important in the

overall computing medium as the large PetaFLOPS central computers.

10.2.10 Review Progress

If the previous recommendations in total or signi�cant part are acted

upon, it may be appropriate to reassess our understanding of the poten-

tial for achieving a PetaFLOPS system. This might be appropriate in

a few years as new results are produced. The precise nature and form

of such a review should be determined nearer the event because it may

depend on the consequences of the updated �ndings.
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