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ABSTRACT

Twenty-two technologies deemed critical to the national economic prosperi-
ty and to national security have been identified. The selection of national critical
technologies was carried out by a panel appointed by the Director, Office of Science
and Technology Policy, Executive Office of the President. The study was authorized
by the Fiscal Year 1990 Defense Authorization Act and will be updated biennially
through the year 2000.

Each selected technology is discussed separately in the report with respect
to scope, basis for selection, and international trends. A major conclusion of the
study is that technology alone cannot ensure economic prosperity and national secu-
rity. Technology can make an important contribution to the future of U.S. national
interests, but only if we learn to utilize it more effectively.



NATIONAL CRITICAL TECHNOLOGIES

“If America is to maintain and strengthen our competitive position, we must continue not
only to create new technologies but learn to more effectively translate those technologies into

commercial products.”

INTRODUCTION

The timely development and deployment of
technologies is essential to satisfy such national
needs as defense, economic competitiveness, public
health, and energy independence. Identification of
technologies for concentration of effort becomes,
therefore, a matter of considerable importance. In
this report, 22 technologies deemed critical to the
satisfaction of national needs have been identified.

The underpinnings of technologies reside in
the basic sciences. The unmatched science base
that the United States possesses today is the result
of patient and judicious public and private sector
investment in the basic sciences in the decades
following World War II. However, the scientific
discoveries that spark technological development
are unpredictable with regard to both timing and
content. Therefore, support for the basic sciences
needs to be broadly based in order to maximize the
yield of useful advances that ultimately can be
translated into technologies. In contrast, technolo-
gy development and deployment, because of the
time and resource commitments involved, require a
greater selectivity and concentration of resources
than is appropriate for the basic sciences.

In a study of this nature, criteria have to be
developed for selection of critical technologies
based on factors such as vulnerability and perva-
siveness (see Table A-2, Appendix A). Once this is
done, technologies can be selected to match the
range of defined needs, bearing in mind that any
finite list will contain elements of subjectivity. The
“critical” technologies identified in this report are
closely related to those identified in other inde-
pendent studies (see Table 2). The critical
technologies identified herein are set forth with the
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confidence that they constitute appropriate bases
for exploitation to satisfy many of the nation’s
future needs. This initial report is intended to
highlight the importance of these critical technolo-
gies in meeting future national needs and to point
out opportunities for public and private sector
investments and actions.  Future Panels will
prepare biennial updates to ensure that the
National Critical Technologies compilation reflects
current technologies and national needs. The views
expressed in this report are solely those of the
National Critical Technologies Panel.

Technology and The Future

In an environment of intensifying global
competition, deployment of technology is becoming
the strategic battlefield of the international market-
place. Increasingly, successful firms are not
necessarily the discoverers and developers of the
latest innovation, but are those that are able to
swiftly bring associated products to market. The
proliferation of integrated product and process
design tools only serves to reinforce the trends
toward shorter product cycles and unceasing
incremental innovation.

The key to future U.S. competitive success
involves a fundamental change in the way U.S.
industry competes in the marketplace. U.S.
research institutions and businesses must place
greater emphasis on deployment of new technolo-
gies.  Moreover, discovery, development, and
deployment must be integrated and viewed as
concurrent rather than sequential activities. U.S.
industry must be infused, from the boardroom to
the factory floor, with a relentless desire to
constantly improve both product and production
methods. In selecting the National Critical
Technologies, the Panel has placed a special



emphasis on the creation of new products and on
the processes to produce them. This entails an
integrated approach to manufacturing process and
product design, performance, quality, and cost.

This integrated approach applies equally to
the defense and commercial sectors of the econo-
my. Technology superiority has long been recog-
nized as a fundamental element of military power.
The recent Persian Gulf War serves as a reminder of
the important role advanced technology plays in
maintaining our national security. With declining
defense budgets accompanying rapid increases in
the pace of technological innovation, the ability of
U.S. industry to translate technology advances into
affordable, high-quality, high-performance mili-
tary systems will remain an important national

priority.

Technology alone cannot ensure economic
prosperity and national security. It can make an
important contribution, but only if we learn to
utilize it more effectively in the development of
innovative, high-quality, cost-competitive prod-
ucts. While continuing to maintain a strong science
base, the United States must place greater empha-
sis on the imaginative exploitation of its knowledge
base.

THE NATIONAL CRITICAL
TECHNOLOGIES

The National Critical Technologies Panel,
appointed by the Director, Office of Science and
Technology Policy, Executive Office of the Presi-
dent, includes senior Federal agency and private
sector officials who are responsible for technology
development and application. (Panel membership
is shownin Appendix A.) The Panelidentified a set
of technologies that reflects the full range of
national technology needs. The 22 technologies
selected fall into six broad areas:

e  Materials with properties that promise signifi-
cant improvement in the performance of items
produced and used by virtually every sector of
the economy

® Manufacturing processes and technologies
that can provide the basis for industry to bring
a_ stream of innovative, cost-competitive,
high-quality products into the marketplace

® Information and Communications technologies
which continue to evolve at a breath-taking
pace, permanently changing our approaches to
communication, education, and manufacturing

e Biotechnology and Life Sciences advances that
will permit unconventional approaches to
major problems in such diverse fields as
medicine, agriculture, manufacturing, and the
environment

e Aeronautics and Surface Transportation sys-
tems that enhance our civilian and military
capabilities and increase the ease and safety of
travel

e Energy and Environment related technologies
which have the potential to provide a safe,
secure, and enduring sources of energy and
ensure that a healthy environment is preserved
for the use of future generations.

Nearly 100 separate technologies were nomi-
nated by the Panel for consideration. Based on
selection criteria and extensive private sector and
government input, the Panel selected the 22 they
considered the most important. Some technologies
(such as fusion energy) were not included in this list
because the benefits of the technology will be realized
only in the longer term. In other cases (such as
signature control), the technology is important but
restricted, and it was deemed to be more appropri-
ately handled in other, more narrowly focused
planning efforts such as the DoD Critical Technologies
Plan. The National Critical Technologies selected by
the Panel are listed in Table 1.

The Panel addressed technologies directed
primarily at enhancing national security and econom-
ic competitiveness. There are other national goals not
addressed in this report for which different enabling
technologies may be required, for example, manned
space exploration. However, space exploration will
continue to stimulate a broad range of advances in
both the aerospace and non-aerospace industries,
contributing to our ability to compete in the high
technology global marketplace.



Table 1. National Critical Technologies

MATERIALS

e  Materials synthesis and processing
e Electronic and photonic materials
e Ceramics

e  Composites

e High-performance metals and alloys

MANUFACTURING

e Flexible computer integrated manufacturing
e Intelligent processing equipment
e  Micro- and nanofabrication

e Systems management technologies

INFORMATION AND COMMUNICATIONS

e  Software

e  Microelectronics and optoelectronics

e High-performance computing and networking
e High-definition imaging and displays

e Sensors and signal processing

e Data storage and peripherals

e  Computer simulation and modeling

BIOTECHNOLOGY AND LIFE SCIENCES

e Applied molecular biology
e  Medical technology

AERONAUTICS AND SURFACE TRANSPORTATION

e  Aeronautics

e Surface transportation technologies

ENERGY AND ENVIRONMENT

e Energy technologies

e  Pollution minimization, remediation, and waste management




Related Government and Private Sector
Initiatives

In response to the Fiscal Year 1989 Defense
Authorization Act, the Department of Defense
(DoD) published its first Critical Technologies Plan.
This was revised in March 1990 and will be updated
annually. Although the plan focuses exclusively on
technologies that are essential to maintaining the
qualitative superiority of U.S. weapon systems,
many of these are “dual-use” technologies that
provide significant benefits to the nation’s econo-
my. This effort now centers on developing
integrated plans for achieving defense technology
capabilities in priority areas. The plans will ensure
that duplication is avoided and that critical
technologies will receive appropriate emphasis
within the DoD science and technology program.

The Department of Commerce (DOC) fol-
lowed in the spring of 1990 with its report Emerging
Technologies: A Survey of Technical and Economic
Opportunities. This report identified 12 emerging
technologies which are expected to have the
potential of contributing to the development of new
or improved products by the year 2000. The report
assessed the relative competitive positions of the
United States, Japan, and the European Communi-
ty with respect to the development and commercial-
ization of these technologies.

Recently, several private sector organizations
have conducted studies which examine key technol-
ogies for specific industries or sectors. The reports
prepared by the Aerospace Industries Association
and the Computer Systems Policy Project are
noteworthy examples. The private sector Council
on Competitiveness also engaged in a study of
technology policy and priorities from the perspec-
tive of U.S. industry. The Council’s report was
released in March 1991.

With the central role that technology has
assumed in our everyday lives, technology issues
have also generated considerable interest among
America’s trading partners, and they too have
identified “critical” technologies based on their
perceived national needs. Japan’s Science and
Technology Agency publishes a biennial Technolo-

gy Forecast Survey, and in 1990, the European
Community released a list of key technologies
which, in their view, merited strong Community
resource commitment and support.

Although the scopes of the various “critical,”
“key,” or “emerging” technology studies differ,
there is extensive overlap among them. As has
already been emphasized, identification of critical
technologies is not the problem. The challenge is to
develop and deploy them, swiftly and strategically.

DISCUSSION

The importance of technology deployment is
emphasized in several ways in this report. First,
five of the “critical” technologies identified on the
list are process technologies, namely:

e  Materials synthesis and processing

e  Micro- and nanofabrication

e Intelligent processing equipment

e Flexible computer integrated manufacturing

e Systems management technologies.

The importance of product realization and man-
ufacturing issues is also noted in the other 17 tech-
nology areas.

The prior work of other Federal government
and private sector organizations that examined
critical technologies was taken into account. The
DoD and DOC reports were especially useful as
source material because they addressed the issue
from a Federal government perspective. The DoD
focused on critical technologies for national securi-
ty and the DOC focused on emerging technologies
for commercial ends, thereby covering the same
areas of emphasis as this report (see Table 2).
However, the National Critical Technologies in-
clude surface transportation, energy, and environ-
mental technologies, which were not addressed by
either DoD or DOC. Although all three reports
include materials and manufacturing technologies,
the present report provides greater emphasis and
more specific coverage of these technology areas
which underlie and enable technology innovations
across the entire economy.




Table 2. Comparison of National Critical Technologies with Department of Commerce
Emerging Technologies and Department of Defense Critical Technologies

NATIONAL CRITICAL
TECHNOLOGIES

COMMERCE EMERGING
TECHNOLOGIES!

DEFENSE CRITICAL
TECHNOLOGIES?

MATERIALS
e Materials synthesis and processing
e Electronic and photonic materials

e Ceramics
e Composites
e High-performance metals and alloys

o Advanced materials

e Advanced semiconductor devices
e Superconductors

Advanced materials

e Composite materials

e Semiconductor materials and
microelectronic circuits

e Superconductors

} Composite materials

MANUFACTURING
e Flexible computer integrated manufacturing

e Intelligent processing equipment
e Micro- and nanofabrication
e Systems management technologies

e Flexible computer integrated
manufacturing

e Artificial intelligence

e Machine intelligence and robotics

INFORMATION AND COMMUNICATIONS
e Software
e Microelectronics and optoelectronics

e High-performance computing and networking
High-definition imaging and displays
e Sensors and signal processing

e Data storage and peripherals
e Computer simulation and modeling

e High-performance computing

e Advanced semiconductor devices
e Optoelectronics

e High-performance computing
e Digital imaging
e Sensor technology

e High-density data storage
e High-performance computing

e Software producibility

e Semiconductor materials and
microelectronic circuits

e Photonics

e Parallel computer architectures

e Data fusion

e Data fusion

e Signal processing

e Passive sensors

e Sensitive radars

e Machine intelligence and robotics

e Photonics

e Simulation and modeling
e Computational fluid dynamics

BIOTECHNOLOGY AND LIFE SCIENCES
e Applied molecular biology

e Medical technology

e Biotechnology

e Medical devices and diagnostics

e Biotechnology materials and
processes

AERONAUTICS AND SURFACE
TRANSPORTATION

e Aeronautics
e Surface transportation technologies

e Air-breathing propulsion

ENERGY AND ENVIRONMENT

e Energy technologies

e Pollution minimization, remediation, and waste
management

e No National Critical Technologies
counterpart: High energy density
materials, Hypervelocity
projectiles, Pulsed power,
Signature control, Weapon system

environment.

!U.S. Department of Commerce, Emerging Technologies: A Survey of Technical and Economic Opportunities, Spring 1990.
2U.S. Department of Defense, Critical Technologies Plan, 15 March 1990.




Many of the National Critical Technologies
support or enable other critical technologies. For
example, continuing advances in computer soft-
ware are necessary to support development of
advanced capabilities in simulation and modeling,
high-performance computing, and intelligent pro-
cessing equipment. Technologies such as micro-
electronics and optoelectronics, simulation and
modeling, and materials and manufacturing are
essential to the continued development of virtually
all other advanced technologies. In light of this
interdependence, rank-ordering of the selected
technologies was considered to be neither feasible
nor desirable.

While the order in which the technologies are
listed in this report does not reflect a prioritization
among the technologies, it does acknowledge a
difference between the categories of technologies
selected. The first three categories, namely, Materi-
als, Manufacturing, and Information and Commu-
nications, include technologies that form the basic
“building blocks” for virtually all sectors of the
economy. Biotechnology and Life Sciences, Aero-
nautics and Surface Transportation, and Energy
and Environment are more akin to major areas for
technology applications. However, the common
denominator of all 22 technologies is the Panel’s
belief that they represent primarily technological
issues, the solution of which is critical to future U.S.
national security and/or economic well-being. The
Panel’s ground rules led it to exclude from
consideration important technological issues and
challenges having insufficient direct impact on
economic prosperity or national security, such as
space exploration, and a number of issues where the

Panel believed the primary challenges were not
technical in nature.

Comparisons of the National Critical Technol-
ogies, the DOC Emerging Technologies, and the
DoD Critical Technologies in Table 2 demonstrate
the substantial degree of overlap that exists
between those technologies essential for national
security and those that contribute to economic
competitiveness. Although a small number of
highly defense-specific DoD Critical Technologies
(e.g., signature control, pulsed power, and high
energy density materials) are not included among
the National Critical Technologies, most of the
DoD technologies are “dual use” in nature, and
potentially are as important for their nondefense
applications as they are to DoD. Both future U.S.
national security and economic well-being rely to a
substantial extent on continuing efforts in universi-
ties, Federal laboratories, the private sector, and
the government to capitalize on the technological
promise and realize the benefits of these technolo-
gies.

Finally, the Panel recognizes the importance of
science and mathematics education to the nation’s
ability to remain a world leader in technology and
technology application. Our ability to reap the
benefits of the National Critical Technologies will
depend on the generation of a technically literate
workforce that possesses the skills necessary to
develop and master these and future technologies.

The following sections present brief profiles of
the National Critical Technologies. Each profile
describes the technology, highlights the reasons for
its selection, and discusses its current status and
emerging trends.




MATERIALS

Materials Synthesis and Processing
Electronic and Photonic Materials
Ceramics

Composites

High-Performance Metals and Alloys



MATERIALS

The current “revolution” in the field of materials, involving the development of new and
superior metals, nonmetals, and composites together with completely new ways of producing them,
is beginning to permit design engineers to specify materials having properties that would have been
unthinkable a decade ago. Increasingly, it is possible to produce materials having essentially the
exact combination of properties (e.g., strength, light weight, temperature or corrosion resistance,
etc.) desired. The consequences include:

® Lighter, more agile, and more “stealthy” aircraft structures

° Higher-performance aircraft engines (permitting greater speed and
acceleration and/or improved fuel efficiency)

. Novel medical applications
. Advanced automobile body and propulsion system components
° Stronger, lighter, and more energy efficient construction materials.

Many recent developments in materials technology were driven by the challenging require-
ments of military and aerospace systems. However, performance—cost trade-offs are much more
critical to the widespread commercial application of new materials. Consequently, the emphasis is
on efficient synthesis and processing techniques that will permit the manufacture of sophisticated
and complex materials, sometimes engineered literally an atomic layer at a time. Another trend is
towards intrinsically clean processing, with a focus on near net shape production, minimizing ma-
chining and other process steps that produce waste or consume excess amounts of energy.

The Panel highlighted an array of materials synthesis and processing technologies as well as
three advanced materials technologies — ceramics, composites, and high-performance metals and
alloys — that have important trade—offs in a wide range of structural applications. The Panel also
highlighted electronic and photonic materials, the fundamental enabling technology for virtually
all information and communications technologies. The growth and impact of both electronics and
photonics have always depended on the materials upon which they are based. Integration of elec-
tronic and photonic devices on a single circuit will lead to revolutionary new products.




MATERIALS SYNTHESIS AND PROCESSING

DESCRIPTION OF TECHNOLOGY

The synthesis and processing of materials are
central to the translation of new research and
designs into useful products, as well as the timely
and efficient introduction of advanced materials
into the marketplace. Synthesis is the development
of new materials or novel techniques to produce
familiar materials. Materials processing is the
preparation, forming, and shaping of raw materials
into finished objects. In practice, the distinction
between synthesis and processing is blurred; it is
often difficult to determine precisely where synthe-
sis ends and processing begins. Synthesis and
processing are best described as a continuous
spectrum of activities involving the generation and
aggregation of atoms or molecules into useful
products.

Synthesis and processing encompass a broad
range of techniques and technologies including
rolling of sheet steel, pressing and sintering of
ceramic powders, creation of artificially structured
materials, thermomechanical processing of alloys,
preparation of polymers by chemical reactions,
coating of turbine blades for corrosion resistance,
growth of gallium arsenide crystals, and laying-up
of composite materials. Some of these technologies
are new and have potentially revolutionary implica-
tions. Others are established techniques which
require continual improvements to ensure the
future competitiveness of U.S. industry.

Synthesis and processing research is opening
new horizons in materials science. Increasingly, it is
possible to tailor new materials — atom by atom —
to achieve a desired set of properties. To harness
the potential of these revolutionary advances in
materials science, U.S. industry must strive to
integrate material synthesis and product design in
the fabrication of highly specialized materials for
specific applications. The capability to formulate
“designer materials” will be an important source of
technological progress, as well as competitive
advantage, in the coming years.
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Synthesis

Synthesis underlies much of the progress in
materials science and technology. Advances in
synthesis yield new materials having novel or
superior properties, or improvements in the prop-
erties of known materials. This field is an important
source of discovery of new chemical and physical
phenomena in solids, such as high temperature
superconductivity. Three important areas in the
field of synthesis are the development of artificially
structured materials, ultrapure materials, and
novel synthesis methods.

Artificially Structured Materials. The synthe-
sis of artificially structured materials represents a
potentially revolutionary development in materials
science. These materials are fabricated one atomic
layer at a time, requiring precise and sophisticated
fabrication techniques. Through control of compo-
sition and distribution at the atomic scale, specific
material properties and significant improvements
in performance may be achieved. Artificially
structured materials, therefore, represent a leading
edge in the development of “designer materials.”

Presently, thin films are the most widespread
of artificially structured materials. They are fabri-
cated by depositing a layer, sometimes only one or
two atoms thick, on a substrate using such
processes as molecular beam epitaxy, chemical
vapor deposition, vacuum evaporation, sputter
deposition, or chemical beam epitaxy.

Artificially structured semiconductors are
essential to the development of high-speed micro-
electronic devices and circuits. Progress in this field
will permit the integration of photonic materials
with microelectronic circuitry to yield optoelec-
tronic integrated circuits (OEICs). To date this field
has focused largely on semiconductors, but this
approach may also permit the development of novel
combinations of metals, insulators, and polymers.

Ultrapure Materials. The synthesis of very
pure materials is critical for microelectronics
applications and the development of emerging
structural materials. The production of extremely




pure silicon is a prerequisite to the manufacture of
high-performance microprocessors and integrated
circuits.  Development of extremely pure and
flawless compound semiconductor crystals will be
essential to the advent of optoelectronic devices.
The preparation of high purity volatile precursors
remains an important technical challenge in
microelectronics. For structural materials, there is
a growing appreciation of the role of carbon and
oxygen impurities in limiting the strength and
reliability of reinforcing fibers in polymer matrix
composites (PMCs). Impurities can cause micro-
scopic cracks in advanced ceramics, and often
induce the characteristic brittleness of these
materials. Advances in the ability to synthesize
extremely pure ceramics could determine the
ultimate success of these strategic high-tempera-
ture materials.

New Synthesis Methods. There is an on-going
need to develop superior new approaches to synthesis
based on understanding of the relationship between
structure, composition, and properties, and hence
performance. Research opportunities exist for the
development of novel lightweight, high-temperature
structural materials for the aerospace and transpor-
tation industries; semiconductor and packaging
materials for high density microelectronic circuits;
magnetic materials for massive information stor-
age; high-temperature superconductors exhibiting
toughness and workability; and non-corroding bio-
materials for medical implants.

Processing

Material processing traditionally has relied on
a combination of mechanical and thermal treat-
ments —— such as melting, casting, forging, rolling,
pressing, and machining — to achieve the desired
properties and shape. Increasing demands for
more complex materials with superior properties
have stimulated the development of a range of
innovative processing techniques that are begin-
ning to complement or supplant the traditional
approaches. Near net shape processing, rapid
solidification, electron beam processing, and laser
hardening are examples of some recently intro-
duced techniques.
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Near Net Shape Processing. In conventional
processing, materials are first synthesized in bulk,
and then machined or formed into the shape of the
final product. The transformation from bulk form
to final shape is often expensive and time-
consuming, and involves discarding significant
amounts of raw material. Moreover, this approach
requires that materials not only possess the
properties desired in the final product, but also be
suitable for later stage processing. This constrains
the use of a number of advanced materials. For
example, the processing of ceramics by traditional
means is largely limited to simple shapes, since
their hardness and brittleness makes finishing
operations difficult and expensive.

The development of near net shape processing
techniques represents an important step towards
realizing the full potential of many advanced
materials. In effect, these techniques integrate the
synthesis and processing steps to produce a mass
whose shape closely approaches the dimensions of
the final product. By eliminating several intermedi-
ate operations and reducing scrap, near net shape
processing can significantly reduce fabrication
costs.

Some near net shape techniques are well
established, while others are still in development.
Hot isostatic pressing (HIP) is now extensively used
to produce a dense, near net shape product through
the simultaneous application of high pressure and
temperature. It is widely employed in the process-
ing of superalloys and advanced ceramics.

Metal injection molding is another novel
process with the potential for supplanting tradi-
tional metalworking techniques. In this method,
metal in fine powder form is introduced into a
medium of wax or thermoplastic, injected into a
mold, and heated. The final product is then
“HIPped” to increase its density. Metal injection
molding makes possible the production of metallic
parts of complex shape without machining.

Superplastic forming can also be used to
process metals and other materials into intricate
shapes. This technique involves slow deformation
of the material at a relatively high temperature.
Under these conditions and given a sufficiently fine
microstructure, many materials exhibit extensive



ductility. Thus, they can be readily formed or
pressed into complex shapes. The component is
then heat treated, rapidly cooled, and aged to
produce a strong and stable structure. While
presently used primarily with titanium alloys,
superplastic forming has also been demonstrated
with ceramics, intermetallics, and high carbon
steel.

Rapid Solidification Processing. In conven-
tional metal casting processes, alloying elements
sometimes “segregate” at grain boundaries. Conse-
quently, the resultant microstructure of the metal
or alloy is not uniform. This degrades strength and
performance. In rapid solidification processing
(RSP), molten metal is cooled at high rates — up to
1,000,000° C per second - to achieve a uniform and
fine-grained microstructure, thereby yielding
stronger and more reliably performing alloys. RSP
can also be used to synthesize alloys that cannot be
achieved by conventional techniques. One such
RSP approach is splat cooling, in which droplets of
molten metal are sprayed onto a cooled surface.
Another is gas atomization, in which droplets are
cooled by an inert gas. Since RSP products must
have a large surface-to-volume ratio to achieve the
necessary cooling rates, this process is best suited
for the production of powder, flakes, or ribbon.
RSP is beginning to be used to produce high
temperature materials for aerospace applications.

Electron Beam Processing. High-performance
metals must be extremely “clean” — free from
contaminating particles — since such particles can
induce microscopic cracks that initiate subsequent
catastrophic failure. The electron beam process is
thus employed in the production of metals and alloys
intended for critical structural applications. The
electron beam strikes and melts the metal, releasing
unwanted gas molecules and other impurities into the
vacuum environment. The molten metal then drips
down onto a cold hearth. This process is used
primarily in producing titanium and nickel-based
superalloys for jet turbine components.

Laser Hardening. Industrial lasers are widely
used in the crystallographic transformation hard-
ening of selected surface areas of metal parts. In
this process, the laser beam quickly heats the
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surface to some temperature below its melting
point but within the phase transformation range for
this specific alloy. When the beam is turned off,
rapid cooling occurs. The result is a more uniform
and finer surface microstructure which enhances
the strength and hardness of the part. Animportant
advantage of this technique is that laser hardening
affects only those areas that require additional
hardening, leaving unchanged the bulk of the metal,
which might become brittle if exposed to similar
treatment. Laser hardening is used in the produc-
tion of medical implants, high-performance bear-
ings, and some extrusion dies.

Others. While the techniques described above
represent some of the most promising develop-
ments in materials processing, many other methods
also have important potential. Such techniques
include diffusion bonding, exothermic reaction
synthesis, dynamic compaction, and mechanical
alloying. Reaction-injection molding and resin-
transfer molding are beginning to find application
for polymer matrix composites.

Optimization of these new processing technol-
ogies and of existing processing methodologies is
required to achieve higher quality and lower unit
cost. Advances on three fronts are needed here:
process modeling to characterize critical variables;
in-situ sensors to measure these parameters during
processing; and advanced control concepts using
expert systems and neural networks. Integration of
these three concepts into “intelligent processing
systems” has been demonstrated in processing
several advanced materials (e.g., polymer matrix
composites, gallium arsenide, and titanium alumi-
nide) and will see increasing application in conven-
tional and advanced materials during the next
decade.

REASONS FOR SELECTION

The synthesis of novel materials is fundamen-
tal to technological progress in many key industrial
sectors, including microelectronics, aerospace,
transportation, and energy. The current challenge
is the economical and efficient production of
reliable products with predictably superior proper-
ties.




STATUS AND INTERNATIONAL TRENDS

The United States needs to accelerate the
development of superior synthesis and processing
technology, not only for the newer materials, but for
commodity materials as well. This field of study
has not been as popular in the United States as in
Europe and Japan, and greater emphasis will be
required both in terms of education and applica-
tion to maintain national competitiveness. The
problem is that U.S. scientists traditionally have
concentrated their studies on the properties of
novel materials rather than on their synthesis,
which has often been left to foreign laboratories.
This approach is unsatisfactory, as foreign labora-
tories continue to develop the capabilities to study
the behavior of novel materials, as well as to create
and synthesize them. The decline of basic research
in U.S. industry and the growing focus of industrial
laboratories on short-term product development
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have exacerbated U.S. shortcomings in materials
synthesis.

The outlook in materials processing is similar-
ly clouded, particularly in high volume processes
critical for commercial success. Many experts
believe that shortcomings in materials processing
have contributed significantly to the competitive
problems of the U.S. microelectronics industry. In
contrast, the Japanese in particular have developed
a formidable capability in manufacturing and
related materials processing technologies in a
diverse set of industries. Other nations, such as
South Korea and Brazil, are emulating the Japanese
emphasis on process technologies. However, the
United States maintains a leading position in the
development and incorporation of advanced pro-
cessing techniques for aerospace and other
high-performance applications.



ELECTRONIC AND PHOTONIC MATERIALS

[Semiconductor, Superconductor]

DESCRIPTION OF TECHNOLOGY

Advances in electronic and photonic materials
will set the pace of technological progress in
communications, image processing, and informa-
tion processing — key sectors for both the civilian
economy and national security. The primary
challenge is to develop materials that effectively
integrate electronics and photonics to achieve
dramatic improvements in systems performance,
reliability, and cost.

Electronic Materials

Semiconductors are the primary materials for
most electronic devices and integrated circuits.
While other materials like polymers, ceramics,
metals, and composites also play important roles as
insulators or conductors, semiconductors can be
made into transistors — the fundamental devices of
today’s information society. Although semiconduc-
tors normally are poor conductors of electricity,
they can become highly conductive when “doped”
with certain impurities. The controlled flow of
electric current through doped regions of the
semiconductor is fundamental to the functioning of
microelectronic devices.

Silicon has been the dominant material in the
microelectronics  revolution. Its many advantages
include abundance, low cost, and high mechanical
strength. Moreover, silicon crystals are easily grown
and fashioned into wafers yielding millions of
microelectronic devices. Most importantly, silicon
forms a high-quality, native oxide which can be
obtained by heating the material in the presence of
oxygen. This oxide provides an insulating layer that is
an extremely important component of field effect
transistors (FETS), fundamental devices in silicon
electronics. In slightly modified form, this oxide
serves other important functions, such as isolating
devices from the substrate and as a protective coating
for integrated circuit components. The existence of
such a high—quality, native oxide — along with highly
developed processing techniques — has helped make
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possible the mass production of high-performance,
low-cost, and reliable silicon-based microelectronic
devices and integrated circuits.

Despite the success of silicon, the desire for
increased performance has spurred efforts to
develop improved semiconductors for microelec-
tronic applications. The most promising current
alternative is gallium arsenide (GaAs), acompound
semiconductor. Electrons can move through GaAs
crystals with greater speed than in silicon while
generating less heat, thereby making possible the
development of faster microelectronic devices with
lower cooling requirements. GaAs is also more
resistant to nuclear radiation — a key advantage in
many military and space applications. Already,
GaAs integrated circuits have been employed in the
most recent generation of ultra-fast supercomput-
ers.

Unfortunately, fabrication problems and high
costs have constrained the widespread use of
GaAs-based devices. Unlike silicon, gallium and
arsenic are relatively scarce elements. GaAs
crystals are difficult to grow, and are much more
expensive than silicon crystals. Another serious
shortcoming of GaAs is its lack of a high-quality,
native insulating oxide. The absence of such a
protective, electrically insulating layer has compli-
cated the manufacture of very large-scale inte-
grated circuits. Researchers have had difficulty
developing effective insulating layers for GaAs
which can be easily mass produced, in part because
of their incomplete understanding of how GaAs
interacts with other materials. While GaAs and
related compound semiconductor materials offer
potentially important gains in performance, mate-
rials problems currently limit the use of GaAs-
based devices and integrated circuits to highly
specialized applications.

Photonic Materials

Photonic materials include those materials
that generate, detect, or transmit coherent light. To
date, photonic materials have had their greatest



commercial impact in the telecommunications
sector, where fiber optic cable is rapidly supplant-
ing copper wire. Since this application is addressed
in High—Performance Computing and Networking, the
following discussion focuses on the use of photonic
materials as generators and detectors of light.

Lasers are devices that generate coherent light.
While a variety of lasers are used in a range of
photonic devices, semiconductor lasers are most
compatible with microelectronic devices and there-
fore are of primary interest here. The first
semiconductor lasers were made of GaAs and
aluminum gallium arsenide. A variety of innovative
lasers have been or are being developed, based on
indium gallium arsenide, indium gallium arsenide
phosphide, and other compound semiconductor
materials. Semiconductor lasers have important
commercial applications as the source of light for
fiber optics telecommunications, compact disc
players, and display systems.

In contrast, detector materials convert light
into electric current. While these devices have the
opposite function of lasers, they operate on similar
physical principles. Light stimulates the semicon-
ductor electrons, which are excited into their
conductive state. The detector can therefore
translate lightwaves into electrical signals, which
then are processed into information by microelec-
tronic devices. Most detectors are made of semi-
conductors like silicon, GaAs, lead selenide, and
mercury cadmium telluride. Such detectors are
integral components in optical communications,
laser guidance, thermal imaging, bar code readers,
robotics, copy machines, video cameras, and other
commercial and military systems. Advanced detec-
tor materials, such as platinum silicide and indium
gallium arsenide, are being developed for special-
ized, high-performance applications.

REASONS FOR SELECTION

Innovative electronic and photonic materials
have the potential to profoundly benefit the
national security and economic competitiveness of
the United States. The development of GaAs-
based integrated circuits is a pacing technology in
the development of the next generation of
high-performance supercomputers, and is central
to DoD efforts to develop more capable, nuclear
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radiation-resistant defense systems. Photonic tech-
nology also has been fundamental to the development
of key defense systems for communications, detec-
tion, and guidance. Semiconductor lasers and
detectors are transforming telecommunications,
consumer electronics, and image processing.

Despite such important innovations, the truly
revolutionary potential of photonics and electronics
lies in the marriage of the two fields. Electronic
circuits are nearing their theoretical performance
limits in information processing. Electrons moving
through semiconductor materials generate heat and
electromagnetic interference. These factors limit how
closely microelectronic devices can be packed in a
single integrated circuit. Moreover, the electrical
connections that link microelectronic devices, cir-
cuits, components, and systems can carry only limited
quantities of information. As a result, the speed with
which a microprocessor can manipulate information
is greater than the rate at which that information can
be sent to other components or the end user.

Photonics represents a promising alternative
approach for overcoming the inherent limitations of
conventional electronics. Photonic materials can
transmit much greater quantities of information than
conventional wire connectors, and do it without
generating heat or electromagnetic interference.

Current technology allows a relatively rudi-
mentary level of optoelectronic integration in the
form of fiber optic connections between otherwise
independent receivers and processors (e.g. fiber
optics telecommunications). The next step will be
photonic links between microprocessors (or be-
tween microprocessors and other components such
as data storage units), followed by optical intercon-
nects between individual circuits. The optoelectro-
nic integrated circuit (OEIC) — which would link
microscopic photonic and electronic devices (e.g.
detectors, lasers, transistors) in a single monolithic
circuit — represents the most advanced expression
of optoelectronic integration. When developed to a
level that is comparable to current microelectronic
circuitry, OEICs are likely to provide major
advances in information processing capabilities.

Materials compatibility represents an important
obstacle to increased levels of optoelectronic integra-
tion. Photonic materials, GaAs or related compound



semiconductors, are not fully compatible with silicon,
the primary material of microelectronics. (Silicon is
not an effective photonic material, as it does not emit
coherent light and cannot detect light emitted by
many key lasers.) Since GaAs is both an efficient
photonic material and has great promise in micro-
electronic applications, this compound semiconduc-
tor has outstanding potential for optoelectronic
integration — if fabrication difficulties and other
related material problems can be overcome. Alterna-
tive approaches include the use of a thin GaAs layer
on a silicon substrate, and the development of silicon
superlattice crystals with improved optoelectronic
properties.

In theory, photonics has the potential to
eventually supplant not only the electronic connec-
tions that link microelectronic devices, but also the
semiconductor switches that perform the logic
functions in microprocessors. In principle, photon-
ic processors could manipulate information at
significantly greater speeds than existing semicon-
ductors. Despite this potential, there is a strong
consensus that without dramatic technical break-
throughs, optical data processing may be several
decades away because of the practical difficulties of
fabricating and integrating all of the requisite
components on a microscopic scale.

In the long term, the use of superconducting
materials may lead to major improvements in speed
and reduced power dissipation of electronic de-
vices and components. For example, electronic
switches can be fabricated using Josephson junc-
tion technology that are many times faster than
conventional semiconductor switches. There are
difficult materials problems to be overcome,
however, before superconducting electronics be-
comes commercially viable. Because of this, the
technology appears to be in a much earlier stage of
development than optoelectronics. Furthermore,
the need for refrigeration may restrict the technolo-
gy to niche markets. In order to foster applications,
the U.S. government maintains an extensive re-
search and development program in superconduc-
tivity that focuses on materials studies,
superconducting wire, and electronics.
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STATUS AND INTERNATIONAL TRENDS

The United States faces a severe competitive
challenge from Japan in the development of
advanced electronic and photonic materials, as well
as in optoelectronic integration. Japanese capabilities
in the fabrication of high-quality, low-cost electronic
materials have been an important factor in the rapid
growth in the Japanese share of the microelectronics
market. The Japanese private sector and government
are involved in several initiatives to develop GaAs
technology for commercial use.

U.S. firms are about even with their European
and Japanese counterparts in the technology
needed to produce silicon wafers used in the
production of semiconductor devices. However, the
market share of U.S.-owned companies in the
silicon wafer market fell from nearly 60 percent in
1985 to under 10 percent in 1989, partly as the result
of the foreign acquisition of U.S.-based suppliers.
Given the increased foreign control of this produc-
tion base, the United States will have difficulty
maintaining technological leadership in this critical
technological area. Moreover, European and Japa-
nese firms already hold a signficant lead over the
United States in the development of GaAs-based
microelectronic devices and integrated circuits, not
only in terms of market share but also in the
superior quality of foreign-made GaAs wafers.

The Japanese position is also very strong in
photonic materials and devices. Although the
semiconductor laser was first developed in the
United States, Japan is now the world leader in the
production of both low cost lasers employed in
compact disc players as well as high-performance
devices used in long-distance fiber optic
communication systems. Fiber optics is the only
photonics component in which the United States
has maintained its competitiveness.

The Japanese advantage in electronic and
photonic materials could be a decisive edge in the
development of more fully integrated optoelectro-
nic circuitry. Integration is a primary thrust of the
Optoelectronics Joint Research Laboratory, a
collaborative program involving the Japanese
government and several industrial organizations.
Such efforts, should they be successful, would have



a direct impact on the health of the U.S. micro-
electronics and computer industries, and could
jeopardize the competitiveness of the many sectors
dependent upon information processing.
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DESCRIPTION OF TECHNOLOGY

Ceramics have been used by man for centuries
in the form of bricks, tile, and glass. In recent years,
however, the development of sophisticated process-
ing methods and improved synthetic procedures
has resulted in a new generation of advanced
ceramics. These exhibit properties that offer
potential benefits in several industrial sectors.

The new or “advanced” ceramics are made
from pure, inorganic, nonmetallic powders of
highly uniform size and shape. These powders are
processed at high temperatures, frequently
supplemented by high pressure, to form dense,
hard structures. In comparison with traditional
metals, advanced ceramics generally have high
strength, low relative weight, and excellent high-
temperature and corrosion resistance. These char-
acteristics — particularly their ability to withstand
extreme operating temperatures — make advanced
ceramics candidates for structural applications in
advanced propulsion systems and high-perfor-
mance applications.

Brittleness and poor reproducibility have been
the primary limiting factors in the use of advanced
ceramics. When exposed to stress, microscopic
imperfections in the material can develop into cracks
that can result in catastrophic failure. In recent years,
however, researchers have developed several useful
approaches to improving the toughness and reliabil-
ity of ceramics. One promising approach is to
reinforce the ceramic matrix with high-strength
fibers, whiskers, or particles. These composite
materials are known as ceramic matrix composites
(CMCs). In CMCs, the reinforcement inhibits
microscopic flaws in the matrix material from
developing into full fledged cracks. Continuous fiber
CMCs exhibit superior toughness and are favored for
most high-performance applications, particularly in
aerospace. To realize the full potential of CMCs,
further progress is needed in improving the reliability
of the matrix/reinforcement interface and in develop-
ing more cost-effective manufacturing techniques.

19

CERAMICS

An alternative approach involves greater use
of ceramic coatings. For some applications,
coatings confer many of the advantages of the
monolithic ceramics, with fewer drawbacks. For
example, ceramic coatings can significantly im-
prove the high-temperature capability and wear
resistance of a superalloy component. A compo-
nent coated with a thin ceramic layer will not
share the tendency of monolithic ceramics toward
brittle fracture. Moreover, the application of
ceramic coatings is less expensive and complex
than the fabrication of monolithic ceramic
structures. Ceramic coatings are used extensively
in high-performance aerospace bearings and
turbine components, as well as industrial cutting
tools. As in the case of monolithic structures,
there is a need for improved toughness of ceramic
coatings.

Ceramic materials are generally more expen-
sive than competing metals or alloys because of
the complexity of current fabrication methods,
the high cost of ceramic powders, and the
difficulty of machining to final shape. “Near net
shape” processing has important potential to
reduce the costs of advanced ceramics. Such
methods permit the fabrication of a part in
dimensions that are close to the desired final
shape, thereby reducing scrap and costly, time-
consuming machining. Hot isostatic pressing
(HIP) is a near net shape technique that is being
used for some advanced ceramic applications. By
simultaneously applying pressure and heat to a
mold containing ceramic powder, HIP technology
can produce a ceramic structure that closely
approximates the shape of the final component.
The development of thermoplastic ceramics
which can be pressed, cast, or molded when
heated to a certain temperature, may represent
another promising approach. Further refine-
ments in near net shape processing methods,
including even superplasticity, are key to reduc-
ing the costs of advanced ceramic products and
components. (See Materials Synthesis and
Processing.)



REASONS FOR SELECTION

High-performance ceramics are a key enab-
ling technology for high-temperature applications
such as advanced engines, where potential advan-
tages include increased performance and fuel
efficiency due to higher combustion temperatures,
more compact and lighter designs, and the reduc-
tion or elimination of the cooling system. Ceramics
are also excellent materials for applications which
require extreme wear or corrosion resistance. In
general, ceramics are likely to make their strongest
impact in those applications where performance is
paramount. Cost considerations are likely to
preclude the widespread acceptance of advanced
ceramics in more cost-sensitive applications, at
least until unit costs are reduced as the result of the
development of an extensive ceramics manufactur-
ing base and/or more efficient processing methods.
The following discussion assesses the potential
impact of these materials on specific sectors,
including military/aerospace, surface transporta-
tion, manufacturing, and electronics.

Military/Aerospace

Advanced aerospace designs require dramatic
improvements in propulsion capabilities to achieve
desired levels of performance. Increasing combus-
tion temperature is critical to achieving the needed
improvement in thrust-to-weight ratios. Ceramics
have the potential to withstand operating tempera-
tures over 1600°C, far surpassing the maximum
temperature capabilities of superalloys currently
employed in high-performance turbines. Ceramics
are also significantly lighter than superalloys.
According to some estimates, all-ceramic turbines
could provide as much as 40 percent improvements
in power over current high-performance aircraft
engines, with significant fuel savings.

In light of these potential benefits, efforts are
underway to develop ceramic components for
turbine hot sections in the next generation of
high-performance military aircraft. While such
applications require continued improvements in
the toughness and reliability of ceramics, one
aircraft manufacturer estimates that these materi-
als will account for approximately 30 percent of the
weight of turbine engines in high-performance
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military aircraft by the year 2000. Ceramic-based
turbine engines for missiles, drones, and other
short-life applications are in the final stages of
development. Ceramic components will also be
used extensively in the propulsion systems of
advanced subsonic and hypersonic civil transport
aircraft.

In addition to hot section components of
advanced turbine engines, ceramics have other
important applications for military and aerospace
systems. Space shuttle tiles are made from a highly
specialized ceramic material, and ceramics are
being considered for high-temperature aerody-
namic surfaces and secondary structures for future
hypersonic vehicles, where operating temperatures
are likely to exceed the capabilities of current
metallic alloys. Because of their exceptional hard-
ness, ceramics are used for armor in military
ground vehicles and are increasingly prominent in
high-performance aerospace bearings.

Surface Transportation

Ceramics are also having a growing impact on
the development of advanced automotive engines.
As with aerospace turbines, the use of ceramic
components in automotive engine hot sections
results in improved performance and fuel efficien-
cy. Ceramic parts are being developed or used in a
variety of high-temperature engine applications,
including turbocharger rotors, pistons, liners,
valves, and seals for water pumps. Although cost
considerations currently limit the rate of introduc-
tion of ceramic components in the price-sensitive
automobile market, ceramics nevertheless will play
an increasing role in future automotive engine
designs.

Manufacturing

Ceramics have demonstrated important capa-
bility in cutting tools, especially in competition with
tungsten carbide-cobalt cermets as inserts for
metal turning and milling operations. Ceramics
also have significant potential for wear parts such
as seals, valves, nozzles, wear pads, grinding wheels,
and liners. Heat exchangers made of advanced
ceramics have the potential to greatly improve the
efficiency of industrial furnaces.




Electronics

The most widespread current application of
advanced ceramics is in semiconductor electronics.
Ceramics are used in integrated circuit packaging,
capacitors, and, to a lesser extent, resistors.
Important future markets for advanced ceramics
potentially include ceramic sensors, integrated
optic circuits, and semiconductors.

Other Applications

Bioceramics, or ceramics for medical applica-
tions such as dental or orthopedic implants,
represent a major market opportunity for ceramic
materials. The high-temperature capability of
advanced ceramics could also enhance the per-
formance of processing equipment in the chemical,
petrochemical, and petroleum industries.

STATUS AND INTERNATIONAL TRENDS

The United States enjoys world leadership in
ceramics research and development. The United
States leads in the development and manufacture of
high-performance CMCs, .partly as a result of
Government and industry’s continuing commit-
ment to aerospace R&D. However, U.S. industry
has been relatively slow to incorporate advanced
ceramics into non-aerospace applications. More-
over, US. industry is largely dependent upon
European and Japanese firms for the supply of
high-grade ceramic powders and fiber reinforce-
ments.
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Japan is superior to the United States in the
processing of monolithic ceramics for non-aero-
space commercial applications. Japanese firms
dominate the market in ceramic packaging for
microelectronic devices, and have established a
clear lead over their U.S. counterparts in the
introduction of ceramic components in automobile
engines. Japanese automobile companies are work-
ing closely with the large, integrated Japanese
materials firms to resolve the technical obstacles to
the more extensive use of ceramic materials in
automobile engines. One Japanese automaker has
developed an all-ceramic diesel engine prototype
which functions without a cooling system. In order
to gain additional manufacturing experience, Japa-
nese firms have incorporated ceramic materials in
scissors and other consumer products.

There is concern that the Japanese may
attempt to exploit their advantage in ceramics
processing and “leapfrog” U.S. aircraft engine
manufacturers. However, current Japanese capa-
bilities in high-performance CMCs are relatively
limited. France has demonstrated a strong commit-
ment to develop high-temperature CMCs in
support of its ambitious aerospace program.
Germany is focusing its R&D on unreinforced
ceramics in an attempt to fully understand these
new materials before undertaking the development
of CMCs. Sweden’s strength in hot isostatic
pressing techniques contributes to its significant
ceramics processing capability.



DESCRIPTION OF TECHNOLOGY

Composites are hybrid materials consisting of
reinforcing fibers or particles embedded in a
matrix. The matrix and the reinforcements work
together to yield a material with properties that are
collectively more useful than those of the individual
elements. While early composites such as plywood
and fiberglass have long been in widespread
commercial use, recent advances in materials
science have resulted in high-performance com-
posites which are far superior to traditional metals
and alloys.

High-performance composites generally are
categorized according to the matrix material. Such
categories include polymer matrix composites
(PMCs), ceramic matrix composites (CMCs), and
metal matrix composites (MMCs). Carbon-carbon
composites (C/C) constitute a specialized category
that utilizes a carbon-based matrix reinforced with
carbon fiber. Each category of advanced compos-
ites has distinctive properties and applications.
PMCs are the most mature of the advanced
composite technologies and, unlike other high-per-
formance composites, already are in widespread
use in both military and commercial applications.
In contrast, CMCs, MMCs, and C/C composites
are emerging technologies that currently are limited
to a few highly specialized applications, mostly in
military aerospace and space structures.

Reinforcing fibers are made from a variety of
materials, including carbon, high-strength liquid
crystalline polymers, silicon carbide, or specialty
glass. They may employ continuous fibers, short
fibers or “whiskers,” or particles. Continuous fiber
composites provide superior stiffness and strength
in the direction of reinforcement. These composites
exhibit increased performance but are expensive
and difficult to fabricate. In contrast, whisker and
particle composites are inexpensive and are rela-
tively easy to produce but are suitable only for less
demanding applications.
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COMPOSITES

Polymer Matrix Composites

PMCs are lighter, stronger, and stiffer than
traditional alloys and metals. However, these
composites can tolerate only moderate service
temperatures. While this shortcoming rules out
their use in hot sections of jet engines, PMCs are
ideal for aerodynamic surfaces, as well as automo-
bile structures and other applications in which
weight and strength are critical to performance and
efficiency. PMCs also offer unprecedented design
flexibility, since they can be tailored to each specific
application through the careful selection of materi-
als and arrangement of the reinforcing fibers.

High-performance PMCs are considerably
more expensive than competing metals as a result of
their complex, time-consuming fabrication pro-
cesses. Thermosetting epoxy (a glue-like polymer)
is the matrix material used for most current
high-performance applications. Thermoset pro-
cessing is complex, time-consuming, and expen-
sive. Hand or automated lay-up of many layers of
fiber, tapes, or broad goods is normally required,
followed by a lengthy autoclave curing process, to
achieve the desired strength and stiffness. Cycle
times, which are a primary cost driver, often are
measured in hours. As a result, these composites
are employed largely in applications where per-
formance is more important than price, such as
military aircraft, space, and sports equipment.
Advanced PMCs have caught on more slowly in
industries that are highly cost competitive.

The implementation of high-volume, low-cost
production methods is therefore critical to unlock-
ing the commercial potential of PMCs. Thermo-
plastic resins are one promising technology for
reducing costs and automating the fabrication
process. Unlike thermosets, thermoplastic materi-
als can be reshaped when exposed to certain
temperatures. As a result, these composites can be
reformed from bulk material into desired final
shapes, thereby greatly simplifying processing.
Moreover, these materials do not require autoclave




curing and, consequently, have dramatically short-
er cycle times than thermosets. Thermoplastics are
therefore well-suited for forming operations like
stamping and injection molding — mass production
techniques which could greatly improve the afford-
ability of PMCs. However, current thermoplastics
have lower thermal strength and corrosion resistance
than thermosets. These shortcomings must be
overcome before thermoplastics can replace thermo-
sets in high-performance applications.

In the coming decades, the use of PMCs in
high-performance military aircraft will grow. Al-
ready, composites account for 26 percent of the
weight of the AV-8B Harrier jump jet. For the
Advanced Tactical Fighter (ATF), this figure is
likely to rise to 40 percent. The use of PMCs in such
applications results in average weight savings over
conventional materials of 20-30 percent. Because
of their tailorability and stiffness, PMCs also
permit the development of advanced designs with
smaller radar cross sections. PMCs have important
potential in other military applications, including
aerodynamic surfaces of helicopters and missiles,
and the structures of armored vehicles.

Proficiency in producing and using PMCs will
also be key to improving performance and reducing
life cycle costs of commercial aircraft. While PMCs
account for only three percent of the weight of the
Boeing 757, some experts believe that the use of
PMCs in commercial aircraft could rise to 65
percent by the year 2000. One U.S. firm recently
began full-scale production of a small business
aircraft with an all-PMC airframe. Airbus, the
European consortium, is making extensive use of
PMCs for primary airframe structures in its
transport aircraft. (However, it is important to note
that recent developments in Al-Li alloys, for which
strengths of > 100 kpsi are now being obtained and
which can retain strengths of about 70 kpsi up to
250°C, imply that aluminum alloys will remain a
strong contender for aerospace applications for the
foreseeable future. See High—Performance Metals
and Alloys.)

PMCs already are having an impact on the
automobile industry. Relatively inexpensive com-
posites, such as fiberglass, have been used in
several automobile models for exterior surfaces.
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With further improvement in stamping and other
processing techniques, low-cost PMCs may in-
creasingly replace sheet metal in automobile
manufacturing. U.S. automobile manufacturers
also are developing all-PMC frames for possible
introduction in the mid-1990s. Such applications
would greatly simplify assembly by reducing the
number of body parts, and provide improved fuel
efficiency, ride quality, and corrosion resistance.

High-performance PMCs also have important
potential for civil engineering applications, and are
being tested for use in bridge and highway support
structures. The development of low-cost PMCs
may be key to the development of the manufactured
housing industry. Finally, PMCs are used extensive-
ly in the sporting goods sectors in the production of
tennis rackets, golf clubs, skis, and other sporting
equipment.

Other Composites

Although less mature than PMCs, other
high-performance composites are finding increas-
ing use in military and commercial applications.
C/C composites, which can tolerate higher operat-
ing temperatures than any other known composite,
are utilized in rocket nozzles and reentry vehicle
components. These materials have strong potential
for high-temperature structural applications in
hypersonic airciaft, space vehicles, and advanced
propulsion systems. However, the development of
C/C composites must surmount serious technical
obstacles which have inhibited the widespread use
of these materials. Major challenges include im-
proving the oxidation resistance of C/C composites
at high temperatures, as well as the reproducibility
of C/C components.

As discussed in Ceramics, advanced ceramics
are considered instrumental to the development of
advanced propulsion systems and other high-per-
formance aircraft structures in light of their
high-temperature capability and other superior
properties. The primary constraint has been their
tendency toward brittleness, which can result in
catastrophic failure. CMCs offer a promising
approach to improving the toughness of ceramics.
In CMC:s, the reinforcement fibers work to deflect
microscopic cracks and prevent crack propagation.



CMCs could therefore be a primary means for
improving the reliability of advanced ceramics and
could help realize the considerable potential of
these revolutionary materials. In addition to high
performance aircraft turbines, CMCs are being
developed for a variety of automobile engine
components. (See Ceramics for further discussion
of CMCs.)

MMCs exhibit dramatically superior charac-
teristics in comparison to unreinforced metals,
including lightweight strength, high specific
stiffness, and high-temperature capability. As a
result, MMCs are attractive for a number of
relatively high-temperature applications in hyper-
sonic aircraft, including leading edges and other
hot sections of the airframe skin. MMCs are
especially appropriate for space structures, where
their high resistance to radiation provides a
decisive advantage over PMCs. (In space, PMCs
experience “out-gassing,” or the release of water
vapor and other compounds, which can collect on
satellite instruments and degrade their effective-
ness. MMCs are not susceptible to this
phenomenon.) MMCs are beginning to find use in
engine components and in a variety of vital
high-temperature applications in the National
Aero Space Plane and the proposed high speed
commercial transport. Important constraints on
the utilization of MMCs in these and other future
applications include cost and the reliability of the
matrix/reinforcement interface. Currently, MMCs
can be found in Space Shuttle struts and the
antenna boom for the Hubble Space Telescope.
Japanese automakers have pioneered the use of
reinforced aluminum in piston skirts. (See High—
Performance Metals and Alloys for further discussion
of MMCs.)

REASONS FOR SELECTION

According to the Aerospace Industries Asso-
ciation, worldwide PMC sales totalled almost $4
billion in 1989 alone. The Office of Technology
Assessment estimates that worldwide annual
sales of advanced composites will climb to $20
billion annually by the year 2000. As noted above,
advanced composites are integral to high-perfor-
mance military aircraft, other key defense
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systems, and the U.S. space program. These
materials will play an increasingly prominent role
in the civil air transport industry, and are a
potential source of competitive advantage in the
automobile industry.

STATUS AND INTERNATIONAL TRENDS

The United States has a strong across-the-
board research and manufacturing base in advanced
composites, and is both the world’s largest producer
and consumer of these materials. In general, U.S.
capabilities are strongest in high-performance
applications, but are somewhat less competitive in
lower end composites that have potential for broad
commercialization.

Much of the pioneering work on PMCs was
conducted in the United States, and domestic
suppliers are among the most important compan-
ies in the industry. Nevertheless, the position of
other nations in PMC development and manufac-
turing has strengthened significantly. In recent
years, European firms have acquired more than
20 U.S.-based suppliers, including many of the
industry’s most prominent companies. Moreover,
the U.S. PMC industry has been oriented toward
high-performance applications in space and
military aviation. This focus is largely the result of
extensive DoD and NASA sponsorship of R&D
activity in PMCs and other composites. Conse-
quently, supplier firms have focused relatively
little attention on the commercial market.

In contrast, Japanese industry has sponsored
the bulk of composites research in that country.
Because of the lack of a mature Japanese aerospace
industry, Japanese PMC firms have emphasized
sporting goods and other commercial markets in
order to acquire experience in composites design
and manufacturing. Japanese firms are actively
exploring the potential use of PMCs in civil
engineering, construction, and other fields. By
concentrating on processing and commercial appli-
cations, Japanese companies appear to be position-
ing themselves to take advantage of future
non-aerospace markets. Japan is also the dominant
supplier of carbon fiber.




Composites applications traditionally have
consisted largely of simple replacements of metal
parts with composite components of essentially
identical shape. However, composites offer the
potential for a revolutionary synthesis of materi-
als science and product design with the advent of
“designer materials.” Innovative design and
analysis methods must be developed in order to
realize the full potential of these new materials.
Detailed knowledge of the behavior and failure
mechanisms of composite systems will provide
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the design data base for new product forms that
fully utilize the unique properties that composites
can provide over traditional metallic forms.

Advanced composites are a leading edge
technology with profound implications for econom-
ic competitiveness and national security. To main-
tain world leadership in this critical technology,
U.S. industry must continue to develop more cost
effective processing methods and place greater
emphasis on expanding commercial applications.




DESCRIPTION OF TECHNOLOGY

High-performance metals (including alloys)
exhibit superior strength, specific stiffness, heat
resistance, and other mechanical and chemical
properties in comparison to traditional structural
metals such as steel. U.S. technological leadership
in the development and processing of high-perfor-
mance metals is an integral factor in maintaining
the dominant position of the United States in the
aerospace sector.

For decades, aluminum alloys and superalloys
have been the primary high-performance metals
used in aircraft (both civilian and military), space
vehicles, and other aerospace systems. More
recently, titanium alloys have come into significant
use. These conventional high-performance metals
have distinct properties which dictate their specific
applications. Aluminum alloys, which are lighter
than steel, have long been the primary material for
airframes. Superalloys (based on nickel, cobalt, or
iron) withstand relatively high temperatures and
are employed widely in the hot section of aircraft
engines. Titanium alloys were also developed for
use in some engine components.

Although new processing methods, such as
rapid solidification processing, continue to yield
evolutionary improvements in the capabilities of
these materials, conventional high performance
metals clearly are approaching their technological
limits. The U.S. aerospace industry cannot achieve
the dramatic advances in performance required for
advanced aerospace systems without the develop-
ment of a new generation of lightweight, high-
strength materials capable of withstanding extremely
high operating temperatures. Along with ceramics
and polymer matrix composites (PMCs), advanced
high-performance metals are likely to play an
important role as an enabling technology for
advanced aircraft like the National Aero Space Plane,
space-based strategic defense structures, and other
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HIGH-PERFORMANCE METALS AND ALLOYS

[High Hardness, High Strength and Temperature
Resistant; Includes Intermetallics]

military and space systems. Aluminum-lithium
(Al-Li) alloys, metal matrix composites (MMCs),
and intermetallics are among the most promising of
these new metals.

Aluminum-Lithium Alloys

Al-Li alloys represent a promising approach
to overcoming the technological limits of conven-
tional alloys. A one percent lithium content reduces
the weight of an aluminum alloy by three percent
and increases its specific stiffness by six percent.
Substitution of Al-Li alloys for conventional
aluminum alloys could yield total weight savings of
10-20 percent throughout the airframe, thereby
boosting aircraft performance and fuel efficiency.
Recent advances have resulted in Al-Li alloys with
much greater strength (up to 100 kpsi), useful
strength retention at elevated temperatures (75 kpsi
at 250°C), and improved welding characteristics.

To date, the use of Al-Li alloys in civilian and
military aircraft has been constrained by their
higher initial costs, as well as the lack of adequate
experience in the design and use of these materials.
A comprehensive data base on the characteristics
and performance of Al-Li alloys is needed to
overcome the reluctance of airframe manufacturers
to promote the widespread structural application
of a largely unfamiliar material. A firm commit-
ment from the U.S. aircraft industry to use these
alloys is also necessary in order to stimulate the
needed investment in Al-Li processing — the key to
reducing fabrication costs. Despite such obstacles,
Al-Li alloys are strong candidates for aerodynamic
surfaces and other high-performance aerospace
applications in which temperature requirements
exceed the thermal capabilities of PMCs.

New aluminum alloys incorporating iron or
other transition element alloying additions are also
attracting attention for aerospace applications.
These alloys, which are processed by rapid solidifi-
cation techniques, also show promise for operating



at higher temperatures than conventional alumi-
num alloys and, along with the new Al-Li alloys,
could replace some titanium alloys in selected
applications with significant weight and cost
savings.

Metal Matrix Composites

MMCs consist of a reinforcement material
embedded in a metal matrix. The reinforcement
may be in the form of particles, whiskers, or
continuous fibers or wires, and can be made from
a variety of high strength materials —- usually
ceramics such as silicon titanium carbide, tita-
nium diboride, or alumina. MMCs exhibit dra-
matically superior characteristics in comparison
to unreinforced metals and, like other compos-
ites, can be tailored for specific high-perfor-
mance applications. For example, aluminum
matrix composites demonstrate three to ten times
greater strength than the monolithic metal, as well
as superior stiffness and lower density. For these
reasons, aluminum MMCs are attractive for a
number of high-temperature aerospace applica-
tions in the hot section of aircraft turbines and
rocket engines, as well as aerodynamic surfacesin
hypersonic aircraft. They are also promising for
space vehicles, where their resistance to radiation
and “out-gassing” is an important advantage
over PMCs. Some MMCs also have potential for
non-aerospace commercial applications; for ex-
ample, Japanese automakers have pioneered the
use of aluminum matrix composites in automo-
tive engine components such as piston skirts.

Despite these potential benefits, MMCs face
several serious obstacles. Because the rates of
thermal expansion of the matrix and reinforce-
ment are usually different, the matrix/reinforce-
ment bond has a tendency to fail after exposure to
repeated temperature cycling, both during pro-
cessing and in service. Similarly, reactions
between the reinforcement and the matrix metal
can degrade the interface unless these are
carefully chosen to be thermodynamically stable.
Most important, because of high raw materials
costs and complex processing methods, MMCs
are usually significantly more expensive than
competing materials. The development of more
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cost-effective fabrication techniques is key to
broader use of MMCs.

Intermetallic Alloys

Intermetallics are unconventional alloys which
have great potential for high-temperature structur-
al applications. Rapid solidification and other
sophisticated processing techniques may be used to
produce these alloys in which the atoms of the
constituent metals are arranged into a highly
ordered lattice or crystal structure. This superlat-
tice structure results in high strength and, in some
cases, high melting points. In fact, over some
temperature ranges, certain intermetallics can even
become stronger as temperature increases. Inter-
metallics are therefore a potential replacement for
superalloys in the hot section of jet engines.

Titanium aluminides are among the most
promising intermetallic candidates for aerospace
applications because of their low density and high
melting points. While less brittle than ceramics at
low temperatures, the toughness of the titanium
aluminides is lower than that of conventional
metals, and therefore will likely be reinforced with
ceramic particles or fibers. Such materials are
being developed for use in the hot sections of
advanced aircraft turbines and high-temperature
aerodynamic surfaces. The complexity and cost of
the resulting fabrication processes are the primary
constraints to the widespread use of such interme-
tallics. The development of processes for the
superplastic forming of intermetallics has signifi-
cant potential to enhance current capabilities to
fashion these materials into complex final shapes.

Nickel and iron aluminides are also being
developed. While not capable of operating at the
extremely high temperatures at which titanium
aluminides can be used, they show great promise at
lower temperatures, i.e., 800-1000°C. These inter-
metallics exhibit strong creep and oxidation resis-
tance, and may challenge expensive materials such
as stainless steels and nickel alloys for certain
applications. In contrast to titanium aluminides,
low temperature toughness is not a problem in
these materials.

Intermetallics represent an emerging technolo-
gy in materials science. While some components



could be introduced on a limited scale in the
mid-1990s, broader applications are not likely
before the year 2000.

REASONS FOR SELECTION

Advanced high-performance metals and al-
loys are an integral enabling technology for future
military aircraft and other defense systems; sub-
sonic and supersonic civil transport aircraft;
proposed space systems like the National Aero Space
Plane (NASP); and space-based strategic defense
structures. Preeminence in advanced metals and
alloys is a prerequisite for continued U.S. world
leadership in aerospace.

Advanced metals will compete with ceramics
and PMCs in future aerospace applications. In
general, high-performance metals offer higher tem-
perature resistance, but lower strength and specific
stiffness, than PMCs. They are tougher than ceram-
ics, but tolerate lower operating temperatures. High
performance metals and MMC:s therefore occupy an
intermediate position between PMCs and ceramics.
Because of their high specific strength and stiffness,
Al-Li alloys will compete with PMCs and MMCs to
supersede conventional alloys in many airframe
applications. Already, Al-Li alloys are in limited use
in commercial aircraft as landing gear fittings and
cabin floor beams. The C-17 military transport will
include several Al-Li alloy components. This trend
will accelerate as Al-Li alloys become cost competi-

tive with conventional aluminum alloys by the
mid-1990s.

MMCs with aluminum alloy matrices are
under consideration for both selected airframe as
well as engine applications. MMC technology is not
as developed as Al-Li alloys, but is further refined
than intermetallics. Where adopted, MMCs will
compete with PMCs for many applications which
now employ unreinforced metals. The relatively
high costs of MMCs may limit their use. The key
market for MMCs may be space vehicles, where
their strong resistance to radiation and out-gassing
is a key advantage over PMCs, and heat engines for
aircraft, rockets, and power generation.

While Al-Li alloys and MMCs are already
employed in limited applications, intermetallics
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represent a longer term, more revolutionary techno-
logical challenge. Intermetallic alloys, probably
used in composite form, will compete with ceramics
as the replacement material for superalloys in many
high temperature applications, particularly in hot
sections of advanced propulsion systems While
intermetallics have a somewhat lower maximum
service temperature, the reliability of ceramics in
structural applications remains a concern.

To date, high-performance metals and alloys
have had limited success in penetrating non-aero-
space commercial markets, largely because of their
higher costs. MMCs, however, are attractive for
possible use as connecting rods and other reciprocat-
ing parts in automobile engines. A number of
commercial applications are currently being pursued
for nickel and iron aluminides.

STATUS AND INTERNATIONAL TRENDS

While the United States enjoys a strong
position in advanced metals, Japan and major
European countries can match U.S. technology in
many areas. In the advanced areas of development
— Al-Li alloys, MMCs, and intermetallics — the
United States faces concerted overseas efforts to
surpass its capabilities. Europe is building upon its
aerospace industry expertise, while the Japanese
challenge has its foundation in that country’s large
steel sector.

France, Germany, and the United Kingdom
are engaged in vigorous research in a variety of key
fields. France hopes to become the major supplier
of Al-Li alloys for the next generation of Airbus
aircraft. However, French suppliers still have some
production problems that place French technology
somewhat behind that of the United States.
Germany has a major program in intermetallic
compounds underway for possible applications in
hypersonic aircraft and advanced aircraft engines.
The United Kingdom is focusing its efforts on
developing conventional titanium and aluminum
alloys with higher temperature capabilities.

Japan is approaching U.S. capabilities in
superalloy technology, and is becoming a major
developer of intermetallics. Several Japanese steel
companies are vigorously developing new metals
and other materials in an effort to diversify from




steel. Nippon Steel has world-class capabilities in
developing titanium aluminides. The Japanese are
also working on Al-Li technology, but remain
substantially behind the world leaders in this field.
Japanese firms are exploring non-aerospace appli-
cations for MMCs in order to develop future
commercial markets and gain fabrication experience.
Japan dominates the MMC market in the sporting
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goods sector, and Japanese automobile companies
have pioneered the use of aluminum MMCs in
engine components. In contrast, U.S. companies
are highly oriented toward the military/aerospace
markets and have not been as active in seeking
novel commercial applications for high-perfor-
mance metals.




MANUFACTURING

e Flexible Computer Integrated Manufacturing
e Intelligent Processing Equipment
e Micro- and Nanofabrication

e Systems Management Technologies
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MANUFACTURING

Throughout its deliberations, the Panel placed heavy emphasis on the importance of man-
ufacturing and process technologies. In this section of the report, four critical manufacturing pro-
cess technologies are described:

Intelligent processing equipment

Flexible computer integrated manufacturing
Micro- and nanofabrication

Systems management technologies.

In addition, several other National Critical Technologies also highlight the importance of manufac-
turing and processing issues.

The manufacturing technologies identified by the Panel involve a combination of new tech-
nologies and changes in management and engineering practices. These technologies draw upon
many other National Critical Technologies including sensors, controls, computer software and
hardware, simulation and modeling, and new materials.

The current trend in manufacturing is a move toward more rapid product introduction, ab-
breviated product life cycles, increased flexibility, and integrated design-production-quality con-
trol. Companies which do not move in this direction will become increasingly noncompetitive. To
achieve these streamlined operations, manufacturers must implement advanced manufacturing
technologies and management practices throughout their operations.

Manufacturing technologies involve far more than simply factory automation. Ultimately,
advanced manufacturing capabilities involve the integration of the entire enterprise, permitting
rapid adjustment to changing conditions, maximum efficiency, optimum staffing and inventory, and
improved product quality and affordability. Operations that will be affected include not only pro-
duction, but also engineering design, purchasing, sales, and cost accounting. A systematic approach
to the introduction of these technologies, along with changes in management practices, is essential
to maximize their potential benefits. These new technologies cannot be grafted onto an existing
organization. Instead, they imply a fundamental redesign in the approach to manufacturing.

U.S. economic competitors have tended to pursue advanced manufacturing processes and
technologies, as well as the management systems that integrate these technologies, more aggres-
sively than U.S. manufacturing companies. Continued competitiveness of U.S. manufacturing
equipment producers will depend not only on their own actions, but on a “sea change” in manage-
ment actions and investment practices at U.S. manufacturing enterprises.
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FLEXIBLE COMPUTER INTEGRATED MANUFACTURING

DESCRIPTION OF TECHNOLOGY

Flexible computer integrated manufacturing
(CIM) can reduce manufacturing lead time and costs
and improve product quality. Through the use of
computer technology, flexible CIM integrates prod-
uct, process, and manufacturing management infor-
mation into a single interactive network, greatly
reducing the number of “transactions” necessary to
produce the product. It affects all manufacturing
functions including product engineering and design,
process planning, production scheduling, subcon-
tractor and vendor activities, part production and
product assembly, inspection, and customer service.
Flexible CIM now enables lower volume and more
variety of product to be managed more like a
continuous flow process than has ever been possible
before. Costs and quality are comparable to the
higher volume fixed automation systems. The key to
successful application of a flexible CIM strategy is the
ability to adjust rapidly to changes in engineering
design, demand, or other product requirements. It
helps ensure that the right product at the right price is
on the market at the right time.

Whereas intelligent processing equipment (de-
scribed in a separate section) focuses on the
process/workstation level, flexible CIM addresses the
management and process requirements at the factory
level. Flexible CIM incorporates various levels of
factory automation and information systems into a
single coordinated system. At the lowest level,
manufacturing tasks consist of individual steps and
processes performed at individual workstations. A
group of workstations, organized around a set of
common tasks or functions, constitutes a factory cell.
Collectively, these cells feed parts into factory centers,
which may be composed of subassembly, assembly,
and final assembly operations. The CIM system
“oversees” all of the factory’s operations, including its
workstations, cells, and centers, and ensures that the
factory can be responsive to both engineering and
marketing inputs.

Flexible CIM integrates company-wide infor-
mation systems, plant-wide planning and control
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systems, factory scheduling and center control
systems, and individual workstations and cells. In
theory, flexible CIM should be able to adjust
rapidly to changes in production requirements,
adapt to disruptions in other aspects of production,
and manufacture parts in virtually any sequence. In
general, the more advanced the system, the less
direct supervision required, although optimal
utilization of flexible CIM requires extensive
planning and coordination. (See Systems Manage-
ment Technologies.)

The components of a flexible CIM system are
very broad, and depend on the scope and nature of
a particular enterprise’s manufacturing task. Typi-
cal equipment used in a flexible CIM system
includes:

e Computer aided production, inspection and
test equipment, including machining and
turning centers, composite tape laying ma-
chines, and coordinate measuring machines
(programmable devices capable of automatic
and precise measurements of parts)

e Electronics assembly equipment, consisting
of programmable equipment to perform
routine assembly functions and operations
such as insertion of components into printed
circuit boards. (Some current systems can
carry out assemblies of 15,000 parts per
hour.)

e Process control equipment (PLCs —- pro-
grammable logic controllers), which are
small, dedicated computers that control a
variety of production processes, most often
steps that must follow an established se-
quence (for example, heat treatment of
metals, in which the sequence of steps and
temperature must be controlled very precise-
ly). Programmable controllers are finding
uses in both continuous processes and
discrete manufacturing tasks

e Computer control of multiple, interrelated
operations, such as control of several racks of
detail parts being processed simultaneously
through various chemical tanks for degreas-
ing, cleaning, rinsing, drying, and different
surface treatments, in each case with difrer-
ent bath times and sequencing required. Ata
factory level, an application is the nightly




determination of the sequence and schedule
of allfactory operations for the following day.

Flexible CIM is the integration of these and
other components. Some of the associated tools
and technologies utilized to implement flexible
CIM are discussed below.

Simulation Tools

Manufacturing simulation models contain
data involving physical systems, control systems,
management policies, vendor/supplier informa-
tion, and exogenous influences on the enterprise
and factory. Using interactive systems to simulate
a task or set of subtasks, managers can design
more effective manufacturing systems, increase
utilization rates, streamline factory layouts, and
simplify scheduling. Simulation and modeling
enable project teams to design products in a
manner that simplifies subsequent analytical
tasks in the production phase. (See Simulation
and Modeling for a more complete description.)

Computer Aided Design (CAD)

CAD already has an enormous impact on the
manufacturing environment. Three generations of
CAD systems are in use today. The first generation
consists of two-dimensional, computerized drafting
systems that streamline the process of drawing and
editing plans or blueprints. The second generation
enables three-dimensional designs, while the third
generation allows operators to create solid object
representations. The capabilities of CAD systems are
continually developing. Three themes are evident in
current CAD research: improving algorithms for
representing objects; adding “intelligence” to CAD
systems so that they can prevent design errors; and
developing effective interoperability among CAD
systems and manufacturing operations and manag-
ers.

Computer Aided Engineering (CAE)

Computers are being used to define, refine,
and optimize the qualities of various products.
CAE takes CAD techniques and benefits one step
further, allowing interactive design and analysis to
simulate performance. Although already used
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widely in manufacturing, these systems will become
increasingly important as a means to reduce
production and design cycles as well as manufac-
turing costs. They are important competitive and
efficiency tools for product and tooling designers,
production planners, and managers.

Group Technology (GT)

Group technology emphasizes identifying ma-
jor similarities among items so that they can be
grouped for more efficient production, by minimiz-
ing tooling changes or the reprogramming of
manufacturing systems. Parts produced are classi-
fied according to their physical characteristics,
qualities, or other criteria. GT enables planners to
exploit similarities in parts and machining pro-
cesses to improve factory and production efficien-
cy. It is the basis for establishing workstations,
cells, and factory centers.

Computer Aided Process Planning (CAPP)

This includes: establishing methodologies for
determining processing sequences from part speci-
fications, part characteristics, and/or assembly
configurations; applying process models to deter-
mine economical operating conditions for each
processing unit; and evaluating the impact of
operating conditions within workstations and CIM
systems on production rates and economics of the
entire production sequence. Some systems allow
the generation of three-dimensional models of a
factory floor and systems to identify production
and material flow bottlenecks. Utilizing CAPP
would enable managers to determine the optimal
production sequence and flow within a manufac-
turing system.

Two types of CAPP are currently available,
variant and generative. Variant CAPP is the more
common and simpler of the two. It relies on group
technology to develop process plans for similar yet
different parts by the same system, without
extensive investments in reorganization of man-
ufacturing processes. Generative CAPP, which is
far more complex, is used to develop process plans
based on multiple factors, including expert systems
and artificial intelligence. Generative CAPP can
also be used to optimize routing and production



lead times, as well as to anticipate necessary
changes in tooling.

Factory Scheduling Tools

These include computer-assisted material
requirements planning (MRP) and manufacturing
resource planning (MRP II). MRP is used to
manage lead-times, in-process inventories, and
other tasks. MRP Il is a more advanced forecasting
and scheduling tool.

REASONS FOR SELECTION

Although the U.S. economy is dependent on
the service sector for its economic growth, both
services and the economy continue to be driven by
production capabilities. In addition, there is a
strong linkage between manufacturing and the
service sector: erosion of the manufacturing base
will result in the loss of a significant portion of the
service sector employment and trade that depend
on it. Failure to maintain world-class manufactur-
ing capabilities would compromise the nation’s
ability to compete in domestic and international
markets, and would threaten our ability to contin-
ued economic growth and to obtain access to the
full range of components and equipment required
for a strong national defense.

Flexible CIM systems provide greater flexibil-
ity than traditional, dedicated processes, and are
even superior to many fixed automated systems. As
the introduction of new products accelerates,
especially in high technology fields, the product life
cycle is shortened and as little as 18 months may
pass before a new generation of a product is
introduced into the marketplace and the older
product becomes obsolete. In addition, the size of
production runs for advanced products is decreas-
ing because of the shortened production life cycles,
the growing demand for a large variety of parts and
components, and increased “just in time” man-
ufacturing and purchasing practices. To meet
these competitive pressures, manufacturers must
implement new manufacturing systems that are
flexible enough to respond quickly to product and
demand changes. Increasingly, economics will
dictate that life cycles of manufacturing systems
must span several product life cycles.
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Although automation in machine tools and
transfer-type machining systems was introduced
initially for mass production, approximately 75
percent of total production in the mechanical
industry is batch-type, or small lot production
(production of 50 or fewer parts). This requires
more flexibility and capability than is economical
for traditional automated systems. The production
of specialized parts has become more demandingin
its own right, requiring the development of new
technologies and systems simply to remain abreast
of international competition.

Flexible CIM systems are also central to the
affordability of complex and specialized weapon
systems that are required for national defense. For
example, it is widely recognized that strategic
defense systems will only be affordable if wide-
spread implementation of CIM concepts occurs at
all levels of the defense industry.

In short, flexibility in manufacturing is essen-
tial to the efficient production of parts and entire
products in today’s rapidly changing marketplace.
Flexible CIM is the most promising means of
attaining such flexibility. Unfortunately, the use of
these systems in U.S. industry is not yet wide-
spread. In addition to its high cost, flexible CIM
diverges from the manufacturing strategies that are
commonly practiced in this country today, and
requires alterations in most firms’ operating
philosophies. CIM affects not only physical aspects
of production, but also such related areas as
engineering design, purchasing, sales, and cost
accounting. It is doubtful that even smaller firms
that rely solely on domestic markets will be able to
remain competitive without adopting flexible man-
ufacturing strategies.

STATUS AND INTERNATIONAL TRENDS

Although industrial specialists believe that the
number of flexible CIM systems in operation in the
United States is double that of Japan, Japan
nevertheless is well advanced in the field. In Japan,
the field is more commonly referred to as Factory
Automation (FA), an integrated approach to
product design and manufacturing. Japan’s wozk in
the area is facilitated by the world’s largest
automated machine tool industry, world-class




capabilities in information technology, and man-
ufacturing and product development philosophies
that are highly compatible with CIM. In fact,
Japan’s Ministry of International Trade and Indus-
try has proposed an international collaborative
research program to conduct joint research in
promising automated information and manufac-
turing technologies, as well as to establish common
international standards to facilitate their
introduction and proliferation. Many of the sys-
tems that would fall under this program — the
Intelligent Manufacturing System Initiative — go
far beyond the technologies described here.

Many other management tools have been
implemented in industry, with varying success. For
example, a system for a major computer manufac-
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turer assists managers with capacity planning and
inventory management. The system can receive
customer orders, generate manufacturing plans,
and then use these plans to monitor implementa-
tion. Arelated CAPP process developed by a major
U.S. research institution generates factory job
schedules, selecting the sequence for each job to be
performed, determining the starting and ending
times, and assigning resources to each step. Still
another system, developed jointly by U.S. industry
and universities, helps control the manufacture and
distribution of a firm’s final products and develops
assembly and testing plans based on customer
orders and plant activity information. In addition,
it can diagnose and suggest solutions to problems
within the system.




INTELLIGENT PROCESSING EQUIPMENT

[Including Robotics, Sensors, and Controls]

The four technologies included in the “Man-
ufacturing” category —— intelligent processing,
flexible computer integrated manufacturing,
micro- and nanofabrication, and systems manage-
ment technologies — are related, but have distinct
roles in contributing to achievement of world-class
manufacturing capabilities. Intelligent processing
equipment is central to the successful implementa-
tion of advanced manufacturing strategies through
flexible computer integrated manufacturing.

DESCRIPTION OF TECHNOLOGY

Intelligent processing equipment is the foun-
dation on the shop floor upon which advanced
manufacturing capabilities are built. It includes a
broad range of computer-controlled equipment
capable of carrying out a wide array of manufactur-
ing processes such as machining, forming, welding,
heat treating, painting, testing, inspecting, assem-
bling, composite fabricating, and material
handling. Flexibility, programmability, and con-
trollability are inherent attributes of such com-
puter-controlled equipment, but intelligent
processing equipment carries these attributes to
the next level of control through the use of sensory
feedback. Furthermore, more than one process can
now be integrated into an intelligent manufacturing
workstation. The fundamental concept behind this
critical technology is that the manufacturing
process includes the ability to sense the desired
characteristics or properties of a product and has
enough local intelligence to control those proper-
ties.

Robots have been in the vanguard of this
emerging technology. Most industrial robots are
generic in concept and are not designed for a
specific process. They must be coupled with other
equipment and require additional information
about the operational environment in order to
perform the desired process. This requirement has
necessitated the development of various types of
sensors and computer-based controllers capable of
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interacting with these sensors and other manufac-
turing equipment.

This control and sensor feedback concept is now
being applied to other manufacturing equipment and
is referred to as the Next Generation Controller
(NGC). The use of sensory feedback with appropri-
ate information processing capabilities enables the
equipment to react, even to anticipate changes in
the material, the process, or the equipment itself
which could affect the consistency of the item
produced. Consistency is critical to the productiv-
ity and control of the manufacturing process and
the quality of the goods produced. For example,
intelligent processing equipment virtually elimi-
nates the need for post-inspection. The net effect is
lower manufacturing costs with increased product
quality and reliability — keys to world-class
competitive manufacturing capabilities. Other Na-
tional Critical Technologies that have important
roles associated with intelligent processing equip-
ment include software, high-performance comput-
ing, electronic imaging and displays, and
optoelectronics.

Intelligent processing equipment requires a
thorough knowledge of the process and relies on
intelligent control systems which react to input
from advanced sensors. Some sensors are able to
react directly to the environment to detect states
and situations. In many cases, however, the nature
of the manufacturing process is such that the
desired variable cannot be measured, and a
combination of several indirect indicators must be
used. In such cases, and where many variables
interact to affect the process results, artificial
intelligence technologies, fuzzy data, and neural
network techniques are used. In addition, the
control system interacts with automated manage-
ment tools and manufacturing information systems
to coordinate the next level of factory operation (see
Flexible Computer Integrated Manufacturing and
Systems Management Technologies). Thus, sensors
and control systems, coupled with artificial




intelligence and an understanding of process
variables, are critical to intelligent processing
equipment. The mechanical elements of intelligent
processing equipment include manipulators and
actuators, precision mechanisms, machine vision
systems, nonvision sensor systems, and assembly/
inspection systems.

One of the most important technological
components of intelligent processing equipment is
the controller — the “brains” of modern automa-
tion equipment. Controllers use advanced proces-
sor chips and software languages and tools to
command and control multiple functions simulta-
neously to achieve higher efficiencies in manufac-
turing. In the area of machine tools, advanced
controllers monitor and manipulate axes of motion
to high accuracies at relatively high speeds.
Broader mechanical functions typically “controlled
by the controller” include machining, machine
setup, intra-workstation materials handling, and
part inspection, grasping, and fixturing, as well as
task planning and process programming. A non-
mechanical example illustrating the range of
controller functions would be advanced autoclaves,
in which controllers control temperature and
pressure while monitoring the curing process.

Sensors provide the inputs needed for these
machines to perform their functions. Sensors are
needed to provide real-time information that can
assist controllers in identifying potential bottlenecks,
breakdowns, and other problems with individual
machines and with a total manufacturing environ-
ment before they upset production. Accuracy and
repeatability are critical capabilities, without which
sensors cannot provide the reliability needed to
perform in advanced manufacturing environments.
1o be useful with intelligent processing equipment,
sensors must be able to discern weak signals while
remaining insensitive to other interfering impulses.
Sensors must be able to ascertain conditions
instantaneously and accurately, and provide usable
data to system controllers, without whose processing
capabilities these inputs would be useless. Many
types of sensors are utilized in intelligent processing
equipment. Four examples are:

e Sensors that can detect the presence or
absence of a component or characteristic of a
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part by recognizing physical characteristics
such as color, size, or shape within a reason-
ably short cycle time. Machine vision and
proximity sensors are used for such applica-
tions. Critical considerations for such sensors
include accuracy in the determination of
precise dimensions and the ability of the
system to perform accurate operations repeat-
edly over prolonged periods

e  Sensors such as photoelectric and ultrasonic
sensors that enable intelligent processing
equipment to position and set functions

® Sensors that are used for monitoring equip-
ment operations. These can include condition
sensors (used to determine operation tempera-
tures, vibrations, etc.) and position-monitor-
ing sensors (for counting product output and
timing of operations). Monitoring sensors are
especially important in diagnostics — moni-
toring and anticipating conditions that could
lead to equipment breakdowns or other system
dysfunctions

e Sensors that can be used for status and part
identification. Bar code and RF systems, for
example, frequently are used for status and
part identification. Part identification tells
controllers what operations to perform.

Future sensors necessarily will be more ad-
vanced and “smarter” in terms of their ability to
measure, evaluate, and assess precise physical,
mechanical, and chemical characteristics of a
product.

Machine vision is also an important compo-
nent of intelligent processing equipment. Potential
uses of machine vision systems illustrate the vast
range of applications of sensor-based systems in
manufacturing. Such systems can be used in
virtually any location and spatial relationship in
production, and in determining dimensions for
parts and assemblies having specified tolerances.
Representative examples include:

e Lead bonding for microelectronic chips

e Mask and reticle inspection in integrated
circuit manufacture

e  Printed circuit board, solder joint, and wafer/
diode inspection

e Arc welding

e Automated vehicle systems




e Assembly

e  Avariety of dangerous manufacturing tasks on
the shop floor.

REASONS FOR SELECTION

Present-day processing is based upon the
assumption that controlling process and equip-
ment variables within predetermined ranges and
relationships will ensure that the process results in
a consistent product. Historically, consistency of
output was accomplished through the use of “fixed”
automation, which was used to produce a large
volume of a single product over a long period of
time. But fixed automation is both too slow to
change and too costly, except for some high volume
products with long product lives. Today’s market is
being driven by customers and competitors who are
responsive to large product varieties and rapid
introduction of new products. In the past, the use of
highly skilled and experienced machine operators
was the only approach available to produce the
low-volume, high-variety products — a costly
approach no longer effective in this country. Thus,
the trend in manufacturing is toward more rapid
product realization, increased flexibility, and inte-
grated design-production-quality control. Man-
ufacturers lacking intelligent manufacturing
capabilities will become increasingly noncompeti-
tive in many industries; as a consequence, they
increasingly will demand these capabilities from
their domestic and foreign manufacturing equip-
ment suppliers.

It is impossible to maintain competitive
manufacturing capabilities, particularly in high
technology fields, without having indigenous access
to a broad range of state-of-the-art equipment.
Equipment suppliers in the United States are losing
market share to international competitors in a
broad range of fields, including fabrication equip-
ment, machine tool controllers, semiconductor
manufacturing and test equipment, and large-scale
presses. Although effective management can offset
some of the disadvantages of less-than-competi-
tive equipment, foreign competitors have access to
both effective management and up-to-date equip-
ment. Further development and deployment of
intelligent manufacturing technology will be re-
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quired if the U.S. is to regain its traditional
leadership position in manufacturing.

It should be noted that the health of manufac-
turing equipment and supporting sectors are
closely related; a large number of technologies are
required to adequately support our manufacturing
base. As an illustration, advances in control devices
represent perhaps the greatest potential for in-
creasing the capability of intelligent processing
equipment in the future. Improvements in process-
ing speed and supporting technologies such as
graphical programming and high-level languages
are allowing more and more functions to be
performed automatically by controllers as an
integral part of the manufacturing process. Thus,
these advances contribute to increased productivity
and higher, more repeatable quality, which give
users a competitive edge. It is also anticipated that
spin-offs from these intelligent processing technol-
ogies will impact other segments of the U.S.
economy such as agriculture and the service sector.
Examples include smart tractors, and service
robots for health care, security, cleaning, and fire
fighting.

STATUS AND INTERNATIONAL TRENDS

Although the United States had early leader-
ship in developing and marketing programmable,
automated machinery, its market had been signifi-
cantly reduced by the mid-1980s. Foreign manufac-
turers, particularly Japanese, have come to
dominate the world market and take an aggressive
position in developing next-generation products.
There has been a loss in market share in underlying
technologies as the production of intelligent pro-
cessing equipment has moved offshore. In Japan,
this field is more commonly referred to as
“mechatronics,” which is the integration of me-
chanical and electronic technologies. Itis therefore
not surprising, for example, that the U.S. controller
industry has been faced with significant competi-
tion from both the Europeans and the Japanese,
and has steadily been losing both market share and
technological leadership. As a result, considerable
attention is now being given in the United States to
the development of Next Generation Controllers
(NGC) which will provide improved performance
and greater flexibility to a wide range of users.




Further development of process technology is
necessary for the widespread utilization of intelli-
gent processing equipment, especially for the new
engineered materials being developed. Such added
knowledge will lead to the development of new
machines aimed at improvements in productivity
and process precision. Another requirement is for
the development and application of smart sensors
and related software tools such as neural networks,
pattern recognition techniques, etc. Overcoming
existing limitations in these areas will result in more
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capable systems that can be used for a broader
range of applications. In the interim, simpler
technologies and techniques derived from robotic
technologies can be introduced incrementally to
facilitate deployment of intelligent processing
equipment. An example of these trends is the new
composite fiber placement machine which is one of
the first pieces of equipment to combine the
technologies of machine tools and robotics into a
new intelligent processing machine for aerospace
structures and engines.




MICRO- AND NANOFABRICATION

DESCRIPTION OF TECHNOLOGY

Micro- and nanofabrication involve the
fabrication and manipulation of materials and
objects at microscopic (microfabrication) and
atomic (nanofabrication) levels. Microfabrica-
tion involves the fabrication and manipulation of
materials on a scale of less than one micron (one
micron = 10~3 mm). Microfabrication processes
include lithography, etching, deposition, epitax-
ial growth, diffusion, implantation, testing, in-
spection, and packaging. Nanofabrication
includes some of these techniques (ion beam
lithography, for example), but also involves
atomic-scale tailoring and patterning of materi-
als to utilize their natural properties in achieving
desired results. Nanofabrication-scale struc-
tures are 10 to 100 nanometers (nm) and smaller
(one nanometer = 1076 mm).

Micro- and nanofabrication techniques are
essential in semiconductor device production to
achieve the densities necessary for the next
generation of integrated circuit chips. Expected
applications include high-density integrated cir-
cuits, optoelectronic devices, quantum devices
(where the quantum properties of materials
themselves affect device design and perform-
ance), textured surfaces for biotechnology (see
Applied Molecular Biology), optoelectronics (see
Microelectronics and Optoelectronics), and a wide
range of other uses. Research in advanced
nanotechnology may also lead to the production
of nano-scale mechanical devices and sensors.

Integrated Circuit Applications

Micro- and nano-scale manufacturing pre-
sents formidable challenges at the scientific level
and in processing equipment development. How-
ever, breakthroughs in this field would enable the
production of integrated circuits and other devices
with functional capabilities orders of magnitude
beyond those currently in use.

The key to efficient and powerful microelec-
tronic devices is switching speed. Current sizes and
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distances among devices and components limit
performance capability. Micro- and nanofabrica-
tion techniques can be used to compress those
distances and sizes, thus improving performance.
Quantum effect devices, for example, theoretically
could have channels as small as 100 atoms in width,
smaller than a biological cell.

Nanolithography techniques are a critical
element of nanofabrication. At present, it is done
using scanned, focused electron or ion beams to
develop patterns on a wafer surface. Because of the
microscopic detail required to produce devices of
this sort, a formidable barrier in nano-scale
manufacturing is developing techniques that can
etch circuit patterns without damaging materials
themselves. In scanned electron-beam lithography,
for example, incident electrons, after passing
through a resist, scatter back through it, causing
broadening of the pattern. (A similar problem
exists for focused ion-beam lithography, although
it can result in greater pattern precision.)

Other challenges in nanofabrication include
developing substrate materials and patterning
structures to optimize characteristics conducive to
nano-scale fabrication.

Thin Films/Surface Treatments

Thin films consist of microscopic layers of
materials deposited or otherwise fabricated on the
surface of other materials (substrates). Surface
treatment technologies focus on processes that
modify the surface of a base material to produce a
thin film or coating on a surface to utilize the
advantages inherent in the physical properties of
the respective materials. Microscopically applied
films and surface treatments are utilized in a
number of areas. Coatings are applied, for example,
to turbine blades in aircraft engines to reduce wear.
Bearings can be treated to produce surface coatings
that reduce friction. Films themselves can be
fabricated as part of an integrated circuit. Cutting
and drilling tools are coated to protect against wear.
Both thin films and surface treatments can be
utilized to overcome limitations in materials and




provide improved performance in terms of wear,
heat resistance, and corrosiveness. A key produc-
tion factor is the ability to fabricate a microscopi-
cally thin, dense, and uniform surface.

Diamond films illustrate the promise of micro-
fabricated films. A diamond’s physical, electrical,
optical, thermal, and electronic characteristics are
superior in many respects to those of other materials.
Its remarkable properties include higher thermal
conductivity (five times that of copper at room
temperature, for example), hardness that is orders of
magnitude higher than many other coating materials,
and greater electron mobility, making it suitable for a
variety of electronic applications. The key to micro-
fabrication is in using this material in minute
quantities to capitalize on its superior properties
while also utilizing the desirable qualities of other
materials to which it might be bonded in various
fabrication processes. Diamond films fabricated
through deposition and other techniques can be used
to harden drilling and cutting tools or to produce
more efficient semiconductor devices and microwave
circuitry. Other potential applications include bear-
ing coatings, heat sinks for high power integrated
circuits, and optical components for high power
lasers. Aerospace applications include the use of
diamond films to reduce wear on space-rated alloys
and radiation resistant optical coatings.

Physical vapor deposition (PVD) and chemi-
cal vapor deposition (CVD) are two common
techniques used in creating thin films on sub-
strates. PVD applies films to substrates through
such techniques as evaporation and sputtering (ion
bombardment of a target to deposit displaced
material onto the substrate). CVD relies on
processes by which a film is created on another
material through chemical reaction between a gas
and the heated surface of the substrate itself. Other
deposition processes include spin-on deposition
(which involves dropping a liquid onto a spinning
substrate for even distribution of the material,
followed by pyrolysis to cure the film).

Micro-Mechanical Devices

Advances in micro- and nanofabrication
techniques have enabled the development of a new
class of devices of microscopic dimensions that are
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capable of performing a range of functions in fields
as diverse as environmental control and medical
science. Their potentially low cost coupled with
sensitivities orders of magnitude beyond the
capabilities of devices currently in use promise
breakthroughs in numerous fields. Electrostatically
driven micromotors, for example, could be man-
ufactured in the future to control computers and
communications systems. Microsensors could be
used to measure flow, pressure, or concentration of
various chemical species in environmental, medi-
cal, and mechanical applications.

Advances in manufacturing techniques must
be matched by improved material fabrication
methods to facilitate the widespread production
and utilization of microdevices. The high stress
levels in these devices require the development of
new materials and improved processing of existing
materials to assure reliable operation and high
performance. Greater understanding of the me-
chanical properties of these materials is also
necessary before they can be utilized to their full
potential (many of the materials now used to
manufacture demonstration devices are semicon-
ductor materials which have been used in the past
primarily for their electrical properties). Finally,
design know-how must be enhanced to minimize
defects that affect microdevice manufacture and
operation.

Although U.S. capabilities in thin film and
microdevice production are advancing rapidly,
greater benefits will accrue to the nations that excel
in the design and manufacture of equipment
needed to produce these materials and devices
economically and in mass quantities. Just as in the
semiconductor and other industries, basic know-
how and production technologies are interrelated.
Failure to make advances in one area could
preclude strides in the other, ultimately hampering
the ability of a nation to remain competitive in the
overall field.

REASONS FOR SELECTION

Semiconductors and integrated circuits are the
fundamental building blocks of the information
and communications industry and form a founda-
tion for many other industries that are essential to




today’s economy and to the U.S. defense posture.
Advances in the area of integrated circuits and
other microelectronic devices drive downstream
capabilities and applications in information indus-
tries. The next generation of integrated circuits will
move toward greater utilization of manufacturing
processes at micro- and nano-levels, thus requiring
U.S. firms to make continued efforts to remain
viable competitors.

Advances in the basics of micro- and nanofa-
brication must take place in tandem with improved
manufacturing equipment capabilities required to
produce such devices. The U.S. semiconductor
industry is dependent on an infrastructure of
equipment suppliers, and the nation that leads in
processing equipment innovation is likely to
dominate the world market for semiconductor
devices.

STATUS AND INTERNATIONAL TRENDS

Progress in a wide range of technologies is
required to attain the benefits of micro- and
nanofabrication capabilities. =~ Nanofabrication
processes are likely to be highly application-specif-
ic; each process will be effective and appropriate
for only a group of materials or production
problems.

Although U.S. efforts in nanotechnology re-
main strong, Japan leads in certain areas such as
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nanolithography. New semiconductor devices pro-
duced by utilizing advanced X-ray lithography, for
example, are expected to be commercialized by
Japanese firms in the early part of this decade. This
will assure that Japanese firms will be able to retain
their present market share in this critical industry
and extend their lead in advanced memory chips
and other microelectronic devices. Fabrication
technology with one micron feature size is already
relatively mature; X-ray lithography technology in
Japan is reportedly capable of manufacturing at
scales of 0.3 microns. One Japanese firm’s research
in microscopic and atomic scale manufacturing has
led it to launch development of 256M memory
chips.

Japan already has more than a 50 percent
share of the global semiconductor market. The
three top suppliers of semiconductor manufactur-
ing equipment in the world are Japanese firms,
their total sales representing 43 percent of global
equipment sales for the top ten manufacturers.
This provides Japanese firms massive financial
resources to fund semiconductor manufacturing
R&D. Because of the immense capital investments
required (for a single, first generation X-ray
lithography plant, the required investments might
be on the order of $1 billion) and the highly
advanced nature of the technology, failure to at
least remain abreast of overseas competitors could
threaten permanent loss of the industry for the
United States.




SYSTEMS MANAGEMENT TECHNOLOGIES

DESCRIPTION OF TECHNOLOGY

Systems management technology (SMT) is
often thought of as a scientific discipline or as a
management approach rather than a “technology”
or set of technologies. Systems management
technologies do indeed involve extensive modifica-
tions of management and organizations, to allow
more effective integration of the diverse functions
carried out by a manufacturing enterprise (e.g.,
market research, product design, manufacturing
operations, quality control, marketing, and custom-
er support). However, new information technolo-
gies are fundamental enablers of advanced systems
management concepts. The area includes tools,
practices, and sciences that will become increasing-
ly important as advanced manufacturing systems
become the standard. As with many of the other
technologies included in the “Manufacturing”
category in this report, systems management
technologies are intertwined with other National
Critical Technologies, including several in the area
of “Information and Communications.” Failure to
achieve advances in these related technologies and
to incorporate them promptly in manufacturing
operations and processes will retard the potential
development of SMT.

Within the manufacturing hierarchy outlined
in Flexible Computer Integrated Manufacturing, SMT
is directed at the intra- and inter-enterprise level
rather than toward specific manufacturing opera-
tions. Because of the large number of technologies
that this area can involve, this section highlights a
few that are in current use and are expected to grow
in importance in the future.

Product Data Exchange Tools

The ability to exchange computer information
within and among business units is central to
successful diffusion of systems management tech-
nologies throughout industry. Early computer data
exchange systems such as Initial Graphics Ex-
change System (IGES) allow different computer
aided design (CAD) systems to exchange two- and
three-dimensional geometric data. PDES (Product
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Data Exchange using STEP) is expected to advance
the field by enabling the smooth exchange of total
product data, including information about the
design, production, support, and other stages of the
product’s life cycle. (STEP is the evolving
international Standard for The Exchange of Prod-
uct model data.) Although these tools are not
perfect, they represent steps toward allowing
different CAD and computer aided manufacturing
(CAM) systems to communicate with one another,
and represent technologies that are essential if the
benefits of flexible computer integrated manufac-
turing (CIM) are to be realized fully. Future
systems, or variants of existing systems, will become
on-line databases to allow more than a simple
exchange of information.

Databases

Computerized tools are required to manage
and control CIM and flexible manufacturing
systems (FMS). Typically, these include extensive
databases on various components of manufactur-
ing processes, including system and individual
machine performance.

Data-Driven Management Information
Systems (DDMIS)

DDMIS involves the storage and use of
designs, inventory/order information, and informa-
tion on capabilities of different machines to design
and manage flexible CIM. Using such inputs,
managers and engineers can generate up-to-date
reports on the utilization of the system, inventory
and production status, demand levels, personnel
information, and financial information.

Interoperable Information Systems

The continuing evolution of a national frame-
work for enterprise integration architectures in-
creasingly will permit smooth interoperability of
information products from multiple vendors.
Today, tight integration of software and computer
hardware, even from a single vendor, is difficult to
accomplish on anything but the smallest scale.
Integration architectures, implemented through




national and international standards, will stimulate
further integration, with competition shifting to
functional performance rather than implementation
and support factors. Greatly increasing the degree
of integration, often called Factory C3 (command,
control, and communications), will result in far
greater efficiency in all intra- and inter-enterprise
functions, and represents a powerful tool for
abbreviating the time for new products to reach the
market, reducing costs, improving quality, and
enhancing flexibility. Truly interoperable informa-
tion systems will allow extensive networks to tie
together all elements of a corporation, along with its
supplier infrastructure, trading partners, and cus-
tomers. Such networks will encompass distributed
data bases and distributed processing, which in
turn will allow better decisionmaking through
broad access to more accurate and timely technical
and business information.

These independent technologies and tools
individually and collectively provide automated
decision support, throughout an enterprise. They
allow the more effective linkage of design, produc-
tion, and other functions.

In addition to technology, significant changes
are taking place in manufacturing management
practices. New strategies, such as continuous
improvement, are being coupled with participatory
management philosophies and total quality man-
agement. However, large-scale integration of all
computer-based systems that support design,
manufacturing, and business functions is extremely
complex and not well understood.

REASONS FOR SELECTION

Increasingly, modern manufacturing empha-
sizes rapid product design and introduction,
reduced inventories, smoother process flows, faster
turnaround times between production runs, and
the elimination of other traditional buffers. More
efficient manufacturing results in reduced down
times, but also creates the need for more efficient
planning and operation because there is less
margin for error. As a result, managers of the
future must be more skilled at developing and
implementing manufacturing strategies in totality,
rather than as a series of isolated, sequential steps
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and decisions made by individual components of
manufacturing entities.

Effective Japanese utilization of advanced
manufacturing equipment and systems could ex-
ceed that of the United States in the near future.
Typically, U.S. managers view automated equip-
ment and systems as replacements for older tools,
rather than as a means to provide a new
manufacturing approach or to integrate the new
equipment and systems into a new manufacturing
system. Since traditional U.S. managerial attitudes
and practices often retard the development and
utilization of intelligent processing equipment and
flexible CIM, emphasis must be placed on sciences
and technologies that will help managers identify
and take best advantage of the strengths of such
systems.

In this regard, industry must focus more
attention on such concepts as the management of
change and the management of technology.
Introduction of even state-of-the-art equipment
will not produce desired results without incorporat-
ing the managerial philosophies represented by
such systems. This poses an educational challenge
that is equal to the technological challenges posed
by the development of advanced hardware needed
in flexible manufacturing systems.

Furthermore, no single technical solution can
be copied or acquired easily in automated man-
ufacturing. Much of the success in other countries
with automated systems has resulted from incre-
mental improvements in processes and production
technologies, not in the development of a single
“untailored” device or managerial philosophy. It is
not reasonable to expect U.S. businesses to be able
to make only a handful of changes or adjustments in
their methods of operation and reap a multitude of
rewards as a result. Flexible CIM systems are
enterprise-level initiatives — not just production
subsystems —— that require expertise and skills
among managers, designers, and workers. Each
industry and enterprise faces unique challenges
and needs. Development of a skill base through
systems management technologies to address these
needs will enable future managers and production
specialists to address a broader range of problems
facing industry today and in the future.




STATUS AND INTERNATIONAL TRENDS

There is considerable worldwide emphasis on
the development of improved systems management
technologies. One effort, for example, is exploring
the use of expert systems and artificial intelligence
systems to expand the capabilities of computer-
assisted material requirements planning (MRP)
and manufacturing resource planning (MRP II).
However, many expert and artificial intelligence
systems are available, yet underutilized, today. A
common feature of these technologies is the high
degree of concurrence in the definition of product
specifications, development of product design, and
the development of production system specifica-
tions and designs. This contrasts with traditional
tendencies to treat these considerations as isolated,
incremental steps in the decision making process.
Thus, major changes in an enterprise’s outlook and
practices are required in order to optimize their
use.

Many of the “technologies” described here

include philosophical components, without
which their potential advantages will be lost. A
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commitment to: the effective management of
technology is essential in order for these tools to
deliver full benefits for their users. While passive or
lackluster utilization will minimize their potential
benefits, aggressive and comprehensive implemen-
tation of such philosophies can increase the
benefits of highly integrated and automated
systems.

Japanese manufacturing enterprises have pio-
neered in the development of advanced systems
management concepts and the technologies needed
to facilitate enterprise integration. U.S. efforts in
development of integration technologies are at least
equal to Japan’s, but it is widely believed that
traditional U.S. management concepts are less
amenable to widespread implementation of these
capabilities. The culture and management
practices of many U.S. companies must change if
the United States is to remain strong in today’s
manufacturing environment. This need is being
recognized, and industrial organizations along with
engineering and business schools now have
programs focused on the management of
technology.




INFORMATION AND COMMUNICATIONS

Software

Microelectronics and Optoelectronics
High-Performance Computing and Networking
High-Definition Imaging and Displays

Sensors and Signal Processing

Data Storage and Peripherals

Computer Simulation and Modeling
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INFORMATION AND COMMUNICATIONS

This area encompasses a wide range of advanced technologies that are critical for virtually
every function performed by an increasingly “electronic” society. The seven Information and Com-
munications technologies designated as National Critical Technologies are pervasive, and will play
a substantial role in determining the rate of progress in other critical technology areas. For exam-
ple, sensors, software, simulation and modeling, and computing are increasingly becoming the criti-
cal underpinnings for advanced manufacturing processes. Similarly, information technologies also
enable or limit advances in the performance of next—generation weapon systems, military training,
and the planning and execution of military operations.

In turn, further advances in information technologies are highly dependent on continuing
development of materials and manufacturing technologies. Electronic and photonic materials, ma-
terials synthesis and processing, and micro- and nanofabrication technologies are especially impor-
tant for future-generation information technologies.

The information and communications technologies are bothimportant to and dependent on
other technology areas. For example, continuing advances in microelectronics and optoelectronics,
software, and data storage are essential enabling technologies required to achieve potential ad-
vances in high-performance computing. However, simulation and modeling (itself an essential un-
derpinning for most other National Critical Technologies) depends on substantial advances in
software, computing, and other information technologies.

Because of the pervasive nature of these technologies, the strong international and techno-
logical challenges faced by U.S. producers in this technology area tend to cascade throughout the
economy. Maintaining state—of-the-art capabilities in information technologies will, without ques-
tion, determine the economic performance of increasing numbers of segments of the U.S. manufac-
turing and service sectors.

53




SOFTWARE

DESCRIPTION OF TECHNOLOGY

Computer software is pervasive in modern
society. Advanced software permits computers to
solve problems, manipulate data, and create new
data or visual displays on a computer screen. It
manipulates sensors, robotics, and other auto-
mated machines to perform useful work. Software
is the basis for countless applications in informa-
tion handling, manufacturing, communications,
health care, defense, and in research and develop-
ment.

Increasingly, the development of advanced
software is an important limiting factor in the
introduction and reliability of new military and
commercial systems. Software requirements, as
well as development costs, expand at a dramatic
pace as automated systems proliferate and increase
in sophistication. Despite these growing demands,
the generation of advanced software programs
remains largely a painstaking, labor-intensive task.
As a result, the ability of U.S. industry to provide
high-quality, reliable software is in jeopardy.

The economic infrastructure of the United
States is largely dependent upon highly complex
software which frequently contains errors. In 1990,
a “minor” programming flaw resulted in a nine
hour shutdown of the major U.S. long-distance
telephone network. As systems become more
automated and complex, there is a real likelihood of
more frequent failures in key systems and services.
Advanced software therefore poses a paradox: a
fundamental source of technological progress, it is
also a growing source of technological vulnerability.

This paradox is especially acute in the defense
sector, where software plays a vital role in ensuring
the technological preeminence of U.S. military
systems. Software problems have plagued many
critical defense systems — frequently resulting in cost
overruns, program delays, and serious operational
failures. To a great extent, these problems are a
result of the demanding specifications and unprec-
edented complexity of many military software
applications.
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Software Engineering Tools

To resolve these problems, programmers need
sophisticated tools to facilitate the efficient design
and generation of low cost, maintainable, complex,
and reliable software. The development of com-
puter aided software engineering (CASE) tools,
user interface design tools, advanced software
design methodologies, software testing tools, and
manufactured software concepts are needed to
supplement — not supplant — the remarkable
ingenuity of programmers. These tools are neces-
sary to ensure that software remains an engine of,
rather than a bottleneck to, future technological
growth.

Unlike other products, the essence of software
is in its design — the development of software
requires no extensive fabrication or assembly. As a
result, software development is dominated by the
task of designing the program to ensure that it will
perform all of its desired tasks. However, it is
frequently difficult for programmers to anticipate
all of the circumstances that may arise when the
program is executed. Moreover, given the complex
interactions of the software in sophisticated pro-
grams, it is frequently difficult to develop a
“maintainable” software structure — one that can
be easily modified to add capabilities or eliminate
programming errors without risk of creating an
unforeseen, and perhaps devastating, flaw in the
program.

CASE tools can help remove much of the
guesswork and experimentation in software devel-
opment, thereby contributing to the efficient
production of high-quality programs. These tools
are themselves sophisticated software packages
that help programmers define the requirements of a
program and design its structure. CASE helps the
programmer anticipate the variety of tasks that are
likely to confront the program, and tailor the
software package to facilitate software mainte-
nance. In addition to developing the design of the
program, some CASE tools also have the capability
to generate simple programs based on the specified




design. Automated coding for sophisticated soft-
ware packages remains a key technical challenge.

Because of the great number of internal states
and combinations of input and sequence condi-
tions, complex software cannot be exhaustively
tested prior to release. The multiplicity of variables
has produced a “combination explosion” which
makes it impossible for programmers to anticipate
every circumstance that may confront the program.
Intensive efforts are underway to develop advanced
testing tools that attempt to simulate the broadest
possible set of conditions in which a program might
operate. By reducing manual quality control
requirements, these tools have the potential to
greatly shorten the software development cycle and
reduce development costs.

A central function of software is to render the
capabilities of the hardware fully accessible to the
user. Video displays and other forms of user
interface require highly complex software, a result
of the enormous data requirements to form an
accurate and responsive display image. In fact, user
interface frequently accounts for half of the
program code in sophisticated software packages.
User interface design tools have been developed to
design and generate much of the interface software,
allowing the programmer to concentrate on highly
specialized features of the interface. These tools
also facilitate the integration of the interface
software with the rest of the program.

Innovative Concepts

In addition to these software-based design
tools, new management concepts for software
design and development are contributing to more
efficient production of high-quality software. One
such concept is rapid prototyping. The traditional
software development methodology is known as the
“waterfall” model, a sequential process beginning
with requirements definition, followed by structure
definition, code generation and, finally, testing.
Frequently, however, the future user cannot fully
anticipate all of the desired functions of the
program until he/she actually begins to employ the
product. As a result, the program requirements
must frequently be redesigned, resulting in delays
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and difficulties in integrating new program ele-
ments with the existing software. In rapid prototyp-
ing, program designers, user interface specialists,
and end users work together from the outset of the
software development process to produce, in a
relatively brief period, the essential elements of the
desired software. After the user is fully satisfied
with the core program elements, the program is
expanded and refined. Rapid prototyping yields
significant benefits in terms of fewer iterations,
reduced development costs, and improved software
quality.

Modular software is another software develop-
ment concept with important potential for boosting
productivity and quality. By breaking complex
software applications into smaller sections (or
modules), the complexity of the overall task is
reduced. In addition, a proven module can often be
reused in subsequent applications, further enhanc-
ing reliability and cost-effectiveness. Increasing
use of object-oriented programming is reinforcing
the trend toward greater software modularity.
Object-oriented techniques provide a mechanism
to better formalize a model of reality. Software
written in object-oriented languages is inherently
reusable. Like other modular approaches, object-
oriented software reduces the total life cycle
software cost by increasing programmer productiv-
ity and reducing redesign or modification costs.

Advanced software design tools and method-
ologies have strong potential to transform software
development from a labor-intensive craft into a
more highly automated production process. With
such advances, the writing of software can increas-
ingly give way to the manufacturing of software.
The development of a mature manufactured
software industry is integral to satisfying the
expanding needs of business and defense for
complex programs.

REASONS FOR SELECTION

Modern, highly-automated systems are be-
coming more dependent on the reliability and
advanced performance of software. The cost of
such systems is also increasingly affected by
software development and production costs.




The ability to efficiently produce high-quality
software is the key to a wide range of advanced
technologies in industry and defense. Modern
information and telecommunications systems —— as
well as the air-worthiness of U.S. military aircraft
— are virtually dependent upon the flawless
operation of highly sophisticated software. More-
over, advanced software is fundamental to basic
research in a variety of disciplines. In short,
software is a key enabling (or inhibiting) factor in
many of the National Critical Technologies. Cur-
rent manpower intense, trial-and-error design
methods are likely to increase system costs and
performance problems as the software challenges
become more acute.

STATUS AND INTERNATIONAL TRENDS

Software is a traditional strength of the United
States. U.S. programmers are widely considered the
most ingenious and creative in the world. During
1988, the global software market grew by 23 percent
to $55 billion, with a U.S market share of 60 percent.
The traditional U.S. lead in software development
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and applications has been a key factor in maintain-
ing competitiveness in information technology and
other vital sectors. However, overseas competition
is intensifying. Europe’s software capabilities are
expected to strengthen as a result of current
standardization activities associated with the EC
’92 initiative. Additional competition is generated
by some third world nations, which offer lower
labor costs than are available in the United States.
Japan may pose the greatest competitive challenge.
Some Japanese companies are producing large
quantities of software in highly structured, strict
writing operations set up much like product
manufacturing plants.

The central challenge in software development
is automated code generation for sophisticated
programs. The development of such tools is largely
dependent upon artificial intelligence and other
software-based technologies. Further advances in
design tools, testing devices, and modular software
are also considered crucial in increasing the
productivity and reliability of the software develop-
ment process.




MICROELECTRONICS AND OPTOELECTRONICS

DESCRIPTION OF TECHNOLOGY

Microelectronics and optoelectronics have
accelerated advances in all fields of knowledge by
providing ever-increasing capabilities to process,
transmit, and disperse information. Products
based on microelectronic and optoelectronic tech-
nologies have stimulated advances in such diverse
areas as communications, manufacturing, defense,
education, health care, transportation, and enter-
tainment.

The distinguishing characteristic of this tech-
nology is the microscopic size of the individual
electronic elements, millions of which can now be
imprinted on a single semiconductor chip. Today’s
chips have minuscule energy requirements and unit
costs, and offer ever-increasing operating speeds
and reliability. Continued success in miniaturizing
individual elements and integrating larger numbers
of these elements into more efficient and reliable
packages are critical goals for semiconductor
product technologies. Another critical goal is to
further develop and improve the cost-competitive-
ness of new materials, including gallium arsenide
and other compound (non-silicon) materials, so
that they are available for use in special applica-
tions. (See Electronic and Photonic Materials.)

The low unit cost of today’s semiconductor
integrated circuits (ICs) results from the opportuni-
ty to spread production costs over large quantities
of chips, each having thousands or even millions of
elements. However, the low unit cost belies the
enormous (and increasing) cost and complexity of
IC manufacturing. Microelectronics production
involves some of the most intricate and exacting
operations found in manufacturing today. Produc-
tion of a typical integrated circuit requires several
hundred separate steps in which delicate wafers
must be manipulated repeatedly, with tolerances
maintained at microscopic scales. Manufacturing
must take place in an extraordinarily clean environ-
ment so that high production yields can be
obtained. Goals for semiconductor manufacturing
include improving currently used processes and
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developing new processes (such as X-ray lithogra-
phy and advanced etching techniques) to produce
more versatile IC products at lower costs.

Optoelectronics is a relatively new technology
that will extend the performance of conventional
electronics. Within the general area of photonics,
optoelectronics encompasses devices that respond
to optical power, emit or modify optical radiation,
or utilize optical radiation for their internal
operation. Optoelectronics also includes any device
that acts as an electrical-to-optical or optical-to-
electrical transducer. These functions can be
carried out by a variety of devices and circuits,
including lasers and other light sources, optical
fibers, electro-optical devices, and electronic cir-
cuits. Applications include industrial processing,
telecommunications, signal processing, medicine,
imaging, computing, analytical instruments, mili-
tary surveillance, and guided weapons. The design
and performance characteristics of optoelectro-
nics, such as power, speed, efficiency, wavelength,
spectral linewidth, coupling efficiency, temperature
range, lifetime, and cost, vary with the requirements
of a particular application. Generally, the more
formidable the application, the more complex and
expensive the system.

Some of the most exciting advances in the field
of optoelectronics are in laser technology. Lasers
have become essential tools in manufacturing,
research, medicine, information storage, printing,
and measurement and testing. In medicine (see
Medical Technology), lasers already are widely used in
surgical procedures and will find future use in
correcting vision defects by reshaping the eye’s outer
optical surface and in dental applications to identify
and eliminate plaque. In manufacturing, lasers are
used to drill holes that have a diameter narrower than
a human hair.

One of the most useful lasers is the semicon-
ductor laser or diode laser. First demonstrated in
the United States, the largest number of these lasers
are now being produced in Japan for applications
that range from low-cost compact disc players to
complex long-distance communications systems.




This type of laser is built from a single semiconduc-
tor chip, where all of the laser’s electrical and
optical functions are performed. Its small size,
durability, low cost, and long life distinguish this
from other laser technologies and have allowed it to
revolutionize fiber optic communications systems,
optical memory devices, and home entertainment
(such as compact disc players). Laser diodes also
have defense applications. Laser diode arrays,
which provide more light output than is possible
from a single diode laser, provide increased
efficiency and compactness within individual de-
vices. Incoherent (unphased) arrays are being used
as an alternative pump source for solid state lasers,
while coherent ones have found use in optical radar,
satellite communications, directed energy, and
antisubmarine warfare.

Given the dynamic pace of development for
microelectronics and optoelectronics, there are
innumerable advances that will increase the use
and effectiveness of these technologies in future
applications. As an example, one promising area of
research is the integration of optoelectronics and
information processing electronics on a single chip.
The creation of the optoelectronic integrated
circuit (OEIC) will enable receivers, transmitters,
laser arrays, and other assemblies of tens and
hundreds of photonic and electronic circuits to be
realized on a single substrate. With progress in
materials technology, microelectronic and opto-
electronic systems will be able to improve perform-
ance for thousands of vital information and
communication-related products. Another exam-
ple is the extremely important area of packaging
and interconnection. With the expanding demand
for pin-outs and the quest for ever higher speeds on
these pins, much of the improvement in the future
will rely on advanced packaging and interconnec-
tion technology.

REASONS FOR SELECTION

Electronics-related technologies are arguably
the most pervasive of all technologies. Nearly every
other technology that can be envisioned looks to
microelectronics as one of its essential building
blocks. The direct impact on other technologies is
evident in the fact that electronic and microelectronic
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components are integral to virtually all advanced
manufacturing, information and communication,
and aerospace and transportation systems. In the
case of computing, new photonic technologies may
in the future replace the all-electronic computer
and assume the lead role as the technology of the
future.

Applications of both microelectronics and
optoelectronics will continue to refine and eventu-
ally transform the way we live by providing
improved communications, stronger defense capa-
bilities, and innovations in medical services. Today,
electronics is the largest and fastest growing
manufacturing sector in the United States. Ad-
vances in its underlying technology base are clearly
important to U.S. competitiveness in world mar-
kets, since they enable development of new
products and improvements in the cost, quality,
and performance of existing ones. Advances in
these technologies are revolutionizing production
processes and factory management through the
integration and control of manufacturing opera-
tions. In defense, microelectronics and optoelectro-
nics are no less critical to “smart” weapons and to
command, control, communications, and intelli-
gence functions. Advances in this technology also
improve products and services in such areas as
health, human welfare, and the environment.

STATUS AND INTERNATIONAL TRENDS

Although both microelectronics and optoelec-
tronics had their beginnings in the U.S., the
Japanese have assumed a strong role in product
development, manufacturing, and sales.

In photonics-related technologies, Japan is the
world leader and now has two-thirds of the world’s
market for semiconductor-based optoelectronic
devices. This category includes laser and light-
emitting diodes, photodiodes, charge-coupled de-
vices, solar cells, and optical couplers. The main
exception to Japan’s leadership position is in
optical fibers, where the U.S. has dominated the
market by effectively integrating R&D phases with
manufacturing. Although most of Japan’s optoelec-
tronics output is used to support its extensive
consumer electronics industry, Japanese firms are
applying optoelectronics technology in such areas




as telecommunications and data processing. Some
of these newer applications will require more
advanced optoelectronics technologies, including
optoelectronic integrated circuits and photonic
switching devices. The Japanese coordinate re-
search through the Optical Computer Group,
Optoelectronic Projects under sponsorship of the
Ministry of International Trade and Industry
(MITI). Japanese firms, with government assis-
tance, are currently linking up with U.S. and
European firms and research institutions to gain
access to the most advanced optoelectronics
developments. In particular, MITT is approaching
U.S. and European firms and research institutes
for their participation in Japan’s Sixth Generation
Computer Project — a key goal of which is the
development of optical computing technology.

The position of European firms and research
institutes is similar to those of the United States —
taking a lead role in developing state-of-the-art
optoelectronics technology but playing a lesser part
in commercial applications. European firms, whose
efforts are coordinated through the European Joint
Optical Bistability Program, have strengths in
semiconductor lasers, solar cells, and optical
switching and computing. Within the United
States, a major portion of optoelectronics R&D is
being done by a few companies and several
university centers. This research is being funded by
the DoD and National Science Foundation.

In microelectronics, the U.S. position is now
being seriously challenged by Japan. The United
States has already lost leadership with respect to IC
sales; in fact, the United States ran a $3 billion IC
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trade deficit in 1989. While U.S. companies
continue to lead the logic and microprocessor
markets, Japanese companies now dominate the
world market for memory devices, which consti-
tutes the largest single segment of the IC market.

The United States has also lost ground to
Japan in a growing number of IC fabrication
techniques. The United States still maintains an
edge in such areas as ion implantation, thin film
epitaxy, thin film deposition, and etching, but has
fallen behind in lithography, materials purity, and
ceramic packaging. Achieving and maintaining
preeminence in product and process technologies is
highly capital intensive, and well beyond the
practical capabilities of many U.S. firms. Japan
appears to have taken the lead in a number of new
semiconductor manufacturing technologies, in-
cluding microwave plasma processing, radiation
sources for lithography, electron and ion micro-
beams, laser-assisted processing, compound semi-
conductor processing, and three-dimensional
device structures.

These trends reflect a serious challenge to U.S.
technological leadership, not only with respect to
microelectronics and optoelectronics, but also with
respect to virtually all other advanced technologies
that directly or indirectly rely on those capabilities.
The identification of these technologies as among
the nation’s most critical highlights the importance
of efforts to maintain a viable industrial base that
can meet the nation’s continuing needs for afford-
able and advanced microelectronic and optoelec-
tronic products.



HIGH-PERFORMANCE COMPUTING AND NETWORKING

DESCRIPTION OF TECHNOLOGY

High-performance computing refers to the
development of computer technologies with ad-
vanced performance in computational power,
storage capability, input/output bandwidth, and
software. These objectives can be met through
alternative technical approaches, which currently
extend from stand-alone “supercomputing” ma-
chines to systems that link together a number of
processors through the use of “massively parallel
architectures.” The components of high-perfor-
mance computing encompass hardware, which
refers to electronics and other components that
make up the physical computer systems, and
software, which includes general-purpose operat-
ing systems, tools and utilities (such as compilers),
analysis tools, debuggers, and data management
systems (see Software). The term “architectures”
refers to how the components of a system are
organized and interconnected for optimal perform-
ance. A final element is networks, which provide the
essential links between multiple computing sys-
tems. These links support the interactive operation
of computers by making the most efficient use of
the limited capacity of communications channels.

Network technology is not only essential to
high-performance computing, but is equally im-
portant to a range of other forms of data, image,
and voice communications. Networks operate
through the conversion of a binary stream of data
bits into an acoustic, electronic, or photonic signal,
which may be digital or analog. The signal is
transmitted over a network and the data stream
reconstructed after reception. In the past, network-
related technologies were used to provide remote
users with access to centralized mainframe com-
puters or to communicate by voice over the public
telephone network. During the past decade, howev-
er, data exchange between computers has grown
exponentially. Features like automatic funds trans-
fer have radically changed the operations of the
banking and finance industries. The technology to
allow this kind of data transfer has developed into a
huge market of its own and will continue to grow as
industries more effectively integrate into global
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markets. Current industry efforts are aimed at
building an end-to-end digital system for future
applications. This configuration may include a
fiber optic link to the home, providing for a
quantum increase in voice/image/data transmis-
sion capability as well as a variety of new features.

Fiber optic communication technologies are
being developed intensively for combined voice and
data applications, and are central to high-perfor-
mance computing requirements. The advantages
inherent in fiber optics are the extremely wide
bandwidth (allowing multiple signals to be im-
pressed on a single fiber), low noise, low attenua-
tion, high security, and lack of a delay due to a
satellite relay. Fiber optic communications still are
at an early stage of development, but a single pair of
fiber optic filaments currently can carry over 20,000
phone conversations simultaneously. There is a
need to develop a high capacity switching infra-
structure and data protocols to take advantage of
the capacity that fibers now offer (i.e., to parcel out
the stream of bits to the many diverse users).

Within the field of high-performance comput-
ing, computer scientists are in general agreement that
exploiting parallel computer architectures is the most
promising approach to achieving major gains in
computing power and reductions in computer cost.
Current U.S. parallel computer designs and software
are as much as an order of magnitude more powerful
than the most powerful existing vector machines; U.S.
developmental designs will be as much as a hundred
times as powerful as any computer that exists today.
Massively parallel computers concentrate in one unit
the power of thousands of small processors tightly
coupled together. Additionally, the combined net-
work facilitates the interactions and cooperation
among machines, permitting more power to be
brought to bear on highly complex computational
problems than can be obtained from a single
machine, with a more efficient use of resources.
Among the approaches to parallel processing are
multiple instructions, multiple data stream (MIMD),
single instruction multiple data (SIMD), very large
instruction word (VLIW), systolic arrays, specialized
parallel coprocessors, and hypercubes.




Contrary to early expectations, recent work
has shown that it is feasible and practical to use
massive parallelism on real scientific and engineer-
ing applications, such as those found in high-ener-
gy physics, weather, and economic modeling.
Parallel processing has defense and nondefense
uses and is also critical to the development of
networks and the perfecting of multiprocessing
systems. One particularly promising evolution in
parallel processing is the development of personal
workstations which will have the capabilities of
today’s supercomputer. This is made possible by
advances in the use of parallelism and technologies
such as submicron feature size fabrication tech-
niques for integrated circuits.

Limited parallelism supercomputers will con-
tinue to play an important role in high-perfor-
mance computing. Among their advantages is that
they are not currently software limited, as are most
massively parallel architectures. However, due to
the supercomputer’s high cost and the difficulty in
exploiting the system’s innate capacity, most
machines have become highly specialized and
therefore are not adaptable for general use.
Although advances in integrating both supercom-
puters and parallel processing will make supercom-
puting technology more affordable and accessible
to a variety of users, the parallel processor is viewed
as offering a more flexible and faster system at a
much lower cost than a supercomputer. Many
believe that parallel processors can serve the widest
variety of customers with engineering and scientific
computing needs.

REASONS FOR SELECTION

During the last two decades, computing has
become pervasive in our society. High-perfor-
mance computing is the leading edge of computing
technology, which in turn supports many areas of
science and technology, industry, and defense.
There has been a wellspring of new successes in the
computing field. Computing has become an inte-
gral part of experimental and theoretical research.
Inindustry, computer aided design and engineering
techniques are rapidly replacing manual ones.
Computer assisted and automated manufacturing
is increasing productivity and improving the value
and reliability of industrial products, while reducing
the time required for engineering and manufacturing
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cycles. New knowledge and new industries are
increasingly dependent upon computing.

Computers constitute a significant portion of the
U.S. economy, and U.S. competitive success in the
industry is bolstered by leadership at the high-perfor-
mance end of the market. To illustrate the economic
importance of computing: in 1988, the U.S. computer
industry accounted for 10 percent of GNP, and almost
10 percent of all capital investment. Continued
success is essential to the nation’s future.

Critical applications of high-performance
computing include prediction of weather, climate,
and global change; aircraft (airframe and engine)
design and analysis; and life sciences, structural
biology, and the design of drugs. High-perfor-
mance computing technology is also essential to
meeting critical national security needs, and both
DoD and industry have come to rely on continued
acceleration of this technology. Besides being used
to improve the design, production, and affordabil-
ity of weapon systems, high-performance comput-
ing is also used as a performance-enhancing
component of the defense systems themselves.

The technology also constitutes an important
tool for many defense and nondefense industries.
Its use in simulation and design now improves the
productivity of large industries such as aircraft and
automobiles, and is being rapidly extended to other
industries as the availability of the new technologies
improves. Recent vigorous growth in use of
high-performance computing in the electronics,
energy, chemical, and pharmaceutical industries
illustrates the role of computing in assuring the
long-term strength of the U.S. economy. These
technologies are also expected to be so deeply
integrated into many service industries over the
next ten years that independent survival in the
industry without advanced computerized systems
will be nearly impossible.

In communications, global networking systems
that will provide real-time access for data processing
capabilities for all interconnected systems represent a
final illustration of the breadth of high-performance
computing applications. Such a network would
contribute to the rapid diffusion of technical
knowledge around the globe and increase the
availability of international financial and manage-
ment information for personal and business use. The




creation of a global computer network system relies
on international cooperation as well as technological
change.

STATUS AND INTERNATIONAL TRENDS

Most advances in high-performance comput-
ing originated in the United States, and the U.S.
retains a strong lead in their development and
application. U.S. computer manufacturers have
devoted considerable R&D funds to high-
performance computing. Additionally, U.S. gov-
ernment R&D funding for high-performance
computing is about $500 million annually.

The pace of innovation within this technology
continues at a rapid rate. In terms of capability,
today’s supercomputer is tomorrow’s desk-top
workstation and the following day’s classroom tool.
A result of the rapidity of technological change and
market expansion is increased international com-
petition. The economic benefits of a strong
high-performance computing capability are recog-
nized and pursued by other countries, some of
which have formed and funded collaborations
between private and public sectors to pursue the
technology. Their successes represent increasingly
vigorous competition in high-performance com-
puting markets.

The U.S. has maintained its world leadership in
supercomputing technology — both hardware and
software — and is also the leader in the use of that
technology in defense. However, the United States no
longer has a clear lead in nondefense supercomputing
applications, and competition in the development of
supercomputing systems is growing rapidly. Japanese
supercomputers, though weak in some areas, have
had success in incorporating a number of technical
improvements that have improved their competitive-
ness. For example, the Japanese have made hardware
advances in circuitry and in circuit packaging and
interconnect technologies. Also, the Japanese are
strong in network management and network services.
As a result, next-generation Japanese supercomput-
ers will provide serious competition with the most
advanced U.S. models. Japan’s ability to design and
produce massively parallel computers currently lags
behind that of the United States, but the Ministry of
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International Trade and Industry plans to initiate a
joint public-private parallel processing development
project in 1992 to address Japan’s weakness.
Although high-performance computer developments
in Europe lag behind those of both the United States
and Japan, a number of public and private European
initiatives are currently underway to develop compet-
itive highly parallel systems.

Additional research and development in ad-
vanced software —— an area of long-term U.S.
strength — is also required if the United States is to
maintain its leadership position in high-perfor-
mance computing. New software tools, including
application-specific software and other specialized
methods and algorithms, will allow high-perfor-
mance computing systems to be embedded trans-
parently in a distributed environment. The
technology base required to build such environ-
ments includes software engineering and data
management tools, and basic research in high-level
languages and algorithms. Improving these capa-
bilities will greatly enhance scientific and engineer-
ing software productivity.

Standards represents another area where
progress is required in the development of ad-
vanced computing and communications systems.
Computing and networking face the same dilemma
as other new or rapidly changing technologies:
although agreed-upon standards are required to
allow the widespread diffusion of knowledge, any
standards created too early in a technology’s
development could inhibit future advancements
and “lock-in” less-than-optimal solutions. Unfor-
tunately, the answer is not to avoid the establish-
ment of clear standards. The result of an absence of
standards could be delayed access to information,
impeded professional communications, inability to
share information sources and research results,
and inadequate coordination of research. In the
United States, no single entity (either governmental
or private sector) is responsible for the national
communications infrastructure which includes the
setting of standards. Improvements in this area
require that the views of a large number of
interested groups be elicited and considered by an
international standards setting body, so that
technological progress is not unnecessarily delayed.




HIGH-DEFINITION IMAGING AND DISPLAYS

DESCRIPTION OF TECHNOLOGY

High-definition imaging and display technolo-
gy involves devices capable of recording and
displaying images with high degrees of accuracy,
clarity, and speed. The goal is to create equipment
that uses, to its fullest advantage, the human ability
to see both high-resolution images and smooth
motion at the same time. In addition to advanced
imaging and display capabilities, meeting this goal
involves real-time signal processing, high-rate data
transmission, and high-density data storage to
handle the billions of data bits and computations
per second required to generate and display
high-definition images.

The most prominent high-definition imaging
and display application is high-definition televi-
sion (HDTV), because of its potential to capture a
significant portion of the world video market. A
general goal for HDTV development is to provide
roughly twice the vertical and horizontal line
density possible using current television technolo-
gy. HDTV’s commercial potential is the driving
force behind most ongoing R&D in the high-defini-
tion imaging and display market. However, numer-
ous other potential applications for this technology
exist in such areas as: electronic imaging for
document storage; digital photocopying; displays
for engineering workstations; desk-top publishing;
industrial inspection and monitoring equipment;
and battlefield command, control, communica-
tions, and intelligence functions.

HDTYV is the most demanding high-definition
imaging and display application, because it com-
bines requirements for: high resolution; rapid
response times; large display size; excellent color,
brightness, contrast, and efficiency; and low cost.
These requirements generate a need to advance
enabling capabilities in five major areas:

e  High-definition vision, which includes video
cameras, document scanners, and computers
that synthesize images

e  Real-time signal processing, including analog-
to-digital data converters, digital processors,
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data compression techniques, and semiconduc-
tor memories

e High-rate data transmission, involving exist-
ing transmission technologies, fiber optic
networks, and broadcast satellite systems

e High-density data storage, including optical
or magnetic systems

e High-definition displays, including conven-
tional picture tubes or flat panel displays (such
as liquid crystal displays).

This list reflects a convergence of video and com-

puter products, due to the ongoing evolution of con-

sumer electronics from analog to digital technology.

Most of the technologies critical to high-defi-
nition imaging and displays are addressed else-
where in this report. One key technology that is not
covered is production of large flat panel displays.
High-throughput, low-cost production of such
displays will require advances in lithography
equipment, circuitry patterning, glass sheet pro-
duction, and thin-film techniques.

REASONS FOR SELECTION

High-definition imaging and display technolo-
gy is critical both because it is driving the state of
the art for a number of other critical technologies
and because it has the potential to become a major
component of the electronics market throughout
the world. A recently completed study by the Office
of Technology Assessment (OTA) found evidence
that “HDTV developments are driving the state-
of-the-art in several [information and communica-
tion] technologies more rapidly than are
developments in computers or telecommunica-
tions.” The report noted, for example, how data
storage requirements are more demanding for
high-definition imaging and displays than for
computers. In fact, the computer field has already
begun to adapt data storage technologies devel-
oped initially for audio and visual applications. The
United States currently holds strong R&D and
market positions for most data storage techrolo-
gies, but has fallen behind in some areas. Similarly,
the signal processing demands posed by the high




quantities of data needed for high—definition
imaging and displays are stimulating advances in
some semiconductor and computer software appli-
cations.

As another example, the OTA report noted
how HDTV could stimulate widespread use of
optical fiber networks for signal transmission.
While the United States pioneered both fiber optic
technology and the technologies needed to drive
signals through these fibers, Japan now leads in
R&D and production for many of these technolo-
gies.

The potential market for high-definition and
related products is enormous, amounting to tens of
billions of dollars for direct applications and
perhaps hundreds of billions of dollars for indirect
impacts in other electronics markets. In addition to
potentially replacing much or all of current home
video equipment, high-definition imaging and
display technology is likely to stimulate a variety of
other revolutionary changes in the information and
communications field. Capabilities in this technol-
ogy are likely to be important throughout the
electronics market rather than just within the home
video sector.

Flat panel display technology also has major
implications for future military capabilities. The
ability to generate higher quality visual images in a
significantly smaller space will greatly enhance the
capabilities of electro-optical systems used in
virtually all military systems. It will improve
navigation, guidance, target recognition, and a
variety of other functions and provide a means to
display the outputs of increasingly sensitive sensor
and signal processing capabilities.

STATUS AND INTERNATIONAL TRENDS

High-definition imaging and display technolo-
gy is a major step in the evolution of consumer
electronics from analog to digital regimes. The
current status of this evolution does not bode well
for the future competitiveness of the U.S. electron-
ics industry. In the past, technological advances in
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consumer electronics created only marginal bene-
fits in other electronics sectors. However, the rising
use of digital technology for consumer products has
increased the importance of advances in this sector
to the electronics market in general. Continued
weakness of the United States in development and
production of consumer electronics will become an
increasing handicap to U.S. competitiveness in the
other electronics sectors.

The U.S. weakness in consumer electronics has
already hurt competitiveness with respect - to
display technologies. Displays for consumer elec-
tronics constituted 70 percent of the total display
market in 1988, compared to 18 percent for
computer applications. The United States is still
competitive in a number of flat panel display
technologies, including design, basic materials,
certain types of manufacturing equipment, and
certain types of displays. However, current U.S.
resources to advance these technologies fall far
short of comparable Japanese resources, so the
U.S. competitive position is likely to deteriorate.
Worldwide sales of flat panel displays equalled $2.4
billion in 1988 and are projected to increase by as
much as a factor of four by the mid-1990s.

The U.S. position with respect to HDTV
technology also reflects declining competitiveness.
The Japanese began selling HDTV production
equipment in 1984 and HDTV systems for the
home in 1990. Recording materials, (e.g., movies on
video disk) permit commercial introduction with-
out the development of a broader standard. The
Europeans undertook a major program to develop
high-definition imaging and display technology in
1986 and are not far behind the Japanese. U.S.
efforts in this area have been extremely limited, and
capabilities are far behind those of the Japanese
and Europeans. Moreover, the prospects for a
significant increase in U.S. efforts are poor,
because the market prospects are too long-term
and high-risk to justify a substantial increase in
privately funded R&D, and national security
requirements alone do not support a major
commitment of defense funding.




SENSORS AND SIGNAL PROCESSING

DESCRIPTION OF TECHNOLOGY

Sensors and signal processing allow auto-
mated systems to interact with the external world.
Sensor and signal processing devices are the core
components of vital systems in the fields of defense,
aerospace, bioprocessing, human health care,
manufacturing, pollution control, transportation,
and telecommunications.

Sensors are microelectronic devices that ob-
serve or monitor changes in their environment.
Sensors respond to a variety of phenomena,
including temperature, pressure, and the presence
or movement of physical objects. The increasing
automation and complexity of computer-assisted
technologies places increasing demands on sensors
for accuracy, reliability, and responsiveness.

Signal processing technology transforms the
electrical signals generated by sensors into useful
information, and this information into electronic
commands or visual displays. These functions are
achieved through the use of advanced microelec-
tronic devices and sophisticated software algo-
rithms. Advances in these areas are needed to
achieve the required signal processing capabilities
for a variety of future systems.

Coupled with advanced software and comput-
er capabilities, sensors and signal processing are
contributing to the development of “virtual reality”
technologies. These technologies can provide a
vastly improved, almost life-like environment for
simulation and training.

Sensors

There are two general categories of sensors:
non-imaging and imaging. Non-imaging sensors
are devices that directly monitor physical phenom-
ena. They are used to monitor such parameters as
temperature, acceleration, pressure, position, rela-
tive humidity, voltage, and current. A variety of
materials perform the sensing function in non-
imaging sensors. These devices are particularly
important in industrial applications. Non-imaging
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sensors are being used extensively in automotive
engine control systems and flexible computer
integrated manufacturing.

Imaging sensors play an increasingly promi-
nent role in many high technology applications.
These devices detect energy at enough discrete
points to create an image of the sensed object.
Photodetector arrays, which operate in the visible
region of the electromagnetic spectrum, are an
important class of imaging sensors. These devices
are used in surveillance systems, video cameras,
and robot vision systems. One type of X-ray
imaging system is used for medical diagnostics and
materials analysis. In the infrared spectrum,
infrared imagers are instrumental to a range of key
applications, including earth monitoring satellites
and night vision systems.

Novel materials are integral to the develop-
ment of a new generation of advanced imaging
sensors. While first generation imaging devices
were based largely on silicon, advanced imaging
sensors increasingly employ compound semicon-
ductor materials like mercury cadmium telluride,
indium antimonide, platinum silicide, and gallium
arsenide for highly specialized applications. Anoth-
er important development in sensor technology,
particularly for geological and defense applica-
tions, is the trend toward multispectral sensing. In
multispectral sensing devices, multiple sensors are
employed to form a composite image. For example,
aninfrared image may be overlaid by a radar image
to provide a more precise representation of the
observed object. As a result multispectral devices
provide superior target recognition capabilities.

New fabrication techniques are also playing an
important role in improving the capabilities of
imaging sensors. Innovative processing techniques
have greatly enhanced the resolution of imaging
sensors by increasing the number of photosensitive
picture elements (pixels) that can be fit on a single
device. Another innovation, silicon machining, has
permitted the development of new types of minia-
ture sensors that can monitor acceleration, temper-
ature, relative humidity, as well as electrical




parameters. Improved processing is also leading to
improved photodetector arrays, which in turn
improve the capabilities of surveillance, robot
vision, and other systems.

Signal Processing

Signal processing, as a generic term, consists
of two distinct functions: signal conditioning and
signal processing. Signal conditioning involves the
“correction” of electrical impulses, or the elimina-
tion of spurious signals or “noise.” These signals
are then converted from a continuous data stream
(i.e., analog) to digital form. This step is necessary
for the computer to process the data.

In the second stage of signal processing, the
processor receives the corrected electrical signals,
and then utilizes these signals to deduce the
environmental variable (temperature, pressure,
electromagnetic energy, etc.). The processor may
then make the appropriate response, such as
issuing instructions to the system or generating a
visual display.

High-performance applications frequently re-
quire many sensors to be included in a single
system, such as in a phased array. The proliferation
of sensors in a single system has increased the
importance of validating the reliability of the data
acquired by each sensing device: a malfunction in
one device can render the entire system inoperable.
Efforts are underway to assess trade-offs between
redundancy and reliability, and to develop testing
strategies for complex systems that do not require
the measurement of all possible parameters and
that distinguish between system and sensor errors.

Another important issue in signal processing
technology is the need for real-time target recogni-
tion for the development of “brilliant weapons.”
Although fully automatic target recognition is not
expected in the near-term, existing automatic
target cueing (ATC) technologies will benefit
defense in areas such as undersea targeting,
land-attack standoff weapon guidance, over-the-
horizon targeting, airborne multiple-target fire
control, anti-ship and other air-to-surface mis-
siles, and assistance in finding relocatable targets.
Such applications call for advanced memory and
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computational capabilities and associated algo-
rithm development.

The trends toward multispectral imaging and
improved resolution are placing an ever increasing
burden on the sensors’ signal processing function.
The development of chip-level sensors has led
naturally to integrated signal processing, where the
signal processing function is incorporated onto the
sensor device itself. Integrated signal processing
minimizes the need for expensive, bulky, and slow
interconnections.

Advanced Human-Computer Interface

Sensors and signal processing are central to
the ability of an automated system to interact with
its environment. Coupled with advances in software
and computational capabilities, advanced sensors
and signal processing are helping to revolutionize
the interaction between the computer and the
human operator. The human-computer interface is
becoming more sophisticated and life-like. These
advances are leading to the development of “virtual
reality” technologies, which could dramatically
expand the role of the computer in modern life.

“Virtual reality” technology is a 3-D simula-
tion of an environment that the user can “step into”
and interact with. Current systems utilize comput-
erized gloves and a special headset with stereo
display. In these systems, the computer creates a
“reality” that can be explored, changed, experi-
enced, and shared with others. If the user wants to
alter the environment from within, he or she just
reaches towards the object to be altered, grasps it,
and changes it. The technology is currently being
used to a limited extent in architectural design,
medicine, aircraft pilot training, and manufactur-
ing. “Virtual reality” technology has dramatic
potential as a training tool, as well as in research
and development.

Further advances must be made to enhance the
quality of human-computer interface to more
accurately simulate natural experience. The devel-
opment of natural language understanding (NLU)
would contribute significantly to this objective.
NLU systems support efficient and natural human-
computer interaction through the use of colloquial
speech patterns. Advances in pattern recognition




and artificial intelligence may also allow users to
communicate with a computer system through
speech or handwriting rather than through the use
of typed words. Voice recognition would be
particularly beneficial in defense applications, as it
would allow a pilot to use voice commands to
maneuver an aircraft and fire weapons. Handwrit-
ing recognition also has important potential; for
example, the Internal Revenue Service could
employ this capability to process income tax
returns rapidly.

REASONS FOR SELECTION

Modern society relies extensively on the ability
to develop and control complex, computer-based
systems for such applications as manufacturing,
transportation, energy, and communications. All
computer-based systems require sensors and
signal processing to provide the data on which
real-time decisions are based.

Advanced sensors are especially important in
national security applications. They are fundamen-
tal to strategic intelligence functions, providing
remarkably accurate eyes and ears at extremely
long distances. Tactically, infrared and radar
sensors provide U.S. forces with a significant
military advantage for operating at night, in all
weather conditions, with increasing accuracy at
greater and greater distances. Leadership in sensor
and signal processing technology is a key to victory
in the increasingly automated combat environment.

Commercial applications of advanced sensor
and signal processing capabilities are growing.
Imaging sensors are the basis for the recent boom
in video cameras and camcorders. Advanced
sensors are also used in medical imaging, machine
vision, space exploration, weather and crop surveil-
lance, oceanography, and high-definition television.
Advanced infrared sensors are expected to have an
expanding role in transportation applications for
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night- and all-weather navigation. In the longer
term, sensors will form the basis for “intelligent
highways” that will address traffic congestion
problems. (See Intelligent Processing Equipment for
sensor applications in manufacturing and Surface
Transportation for the use of sensors in intelligent
highway design.)

STATUS AND INTERNATIONAL TRENDS

The United States enjoys a strong global
position in sensor and signal processing technolo-
gy. To a considerable extent, U.S. strengths in these
areas have been driven by government-funded
military and aerospace programs. As in other
fields, the United States has experienced difficulty
in translating its technological edge in sensors and
signal processing into commercial advantage.
Moreover, projected declines in U.S. defense
spending could jeopardize U.S. technological lead-
ership in this critical area.

While U.S. firms appear to be superior in
advanced sensor technology, foreign competition in
high-volume, low-cost solid-state sensors is in-
creasingly intense. Foreign firms are showing an
impressive ability to bring technologies to market
quickly. For example, the Japanese are establishing
an advantage in second generation infrared imag-
ing and advanced electro-optical sensors, despite
their limited experience in military technologies.

The U.S. has a significant lead over other
countries in the area of signal processing technolo-
gy and in the development and use of complex data
bases needed to facilitate signal processing in
high-performance applications. Although much of
this work is classified, there is much progress
underway in NATO countries, Sweden, and Israel,
that could contribute to the advancement of signal
processing techniques and automatic target recog-
nition applications.




DATA STORAGE AND PERIPHERALS

[Magnetic and Optical Media, and Subsystems]

DESCRIPTION OF TECHNOLOGY

The utility of computers can only be measured
by their ability to perform functions more efficient-
ly than some other, less automated, means of
problem solving. To be useful, computer systems
require an efficient means of entering the data to be
processed, some mechanism to view the results of
the computer’s activity, and some way to store the
computations for future reference. Data storage
and peripherals provide these ancillary, yet essen-
tial, functions. Storage and input/output technolo-
gies are required for the full spectrum of computing
applications.

Since the invention of the computer, computer
scientists have searched for means to store pro-
grams and data for later use. Early technologies
included paper tape and cards. These rather
clumsy technologies were followed by the develop-
ment of magnetic tape and disk mechanisms.
Magnetic media have been the mainstay of the
computer revolution thus far, with the more
recently developed optical media including com-
pact-disks, read-only-memory (CD ROM), write-
once, read-many-times (WORM), and rewritable
optical media used as secondary and tertiary
(online and archival) storage media for computers
now gaining market acceptance.

The same paper tape and cards that provided
storage capacity early in the computer era also
provided data input. Printers, usually dot matrix
type, provided the processed output. These devices,
and their successors, are the means by which
humans interact with computers. They are used to
introduce commands, data, ideas, and images into
the computer system for processing, and to receive
processed output data and images. This area
includes relatively simple items like more user
friendly variations of the traditional keyboard, as
well as futuristic hardware interfaces like a voice
recognition/synthesis system which would allow
users to directly communicate with and issue
instructions to the computer.
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Data Storage

The most widespread current technology for
data storage involves magnetic transducers that
read and write on magnetic tapes or disks. Such
storage systems are sophisticated applications of
materials science, tribology (the science of lubrica-
tion and wear), and signal processing. Magnetic
media provide lower costs per bit than semiconduc-
tors and higher data rates than optical subsystems.

Increased computing capabilities have fueled
escalating requirements for greater storage capac-
ity and access speed. Several factors are responsi-
ble for this trend, including increased program size
(due to increased functionality), more demanding
applications which generate or process more data,
and innovative applications that were infeasible
due to data storage limitations, including document
retrieval with embedded images and medical
applications with images.

Storage technology has essentially three levels.
Primary, or semiconductor, memory is the random
access memory (RAM) within the computer re-
quired for immediate processing needs. This
memory must be fast enough to permit the efficient
operation of the processor. However, it is extremely
expensive to have large quantities of semiconductor
memory. Secondary memory in the form of disk
storage is less expensive, but also slower than RAM,
so it is used to store data or applications that are
not needed for the internal functioning of the
computer. This is generally called mass storage,
and has 10 to 50 times the semiconductor memory
capacity. Finally, tertiary storage is needed for the
maintenance of archival data, where it can be kept
offline and referred to when needed. Archival
storage is least expensive and slowest in response
time, but is cost-effective for long-term storage of
the copious quantities of output from the comput-
er. This level of storage frequently has a capacity of
10 to 50 times greater than mass storage.




The most demanding applications for data
storage are wusually associated with high-
performance computers or “supercomputers.”
Without the large, low-cost capacities provided by
tertiary storage, high-performance computing
would be impractical. Mainframe computers at
major Federal agencies produce archival informa-
tion requiring hundreds of thousands of magnetic
tape reels and cartridges.

Measures of performance are used to both
characterize specific media and compare different
media and subsystems. Density of information
storage on the media, access time, and data transfer
rates are generic measures of the capacity of media
and responsiveness of storage systems.

Compact disks are a familiar form of optical
disk technology first used in audio applications.
Mass production is done from masters by physical-
ly impressing the information onto the surface of
the disk. Data are recorded in a helical spiral as
impression pits etched by lasers in a surface cover,
or phase changes in a reflective material. These
data subsequently are read by detecting changes in
reflected light from a laser source.

Peripherals

The general term “peripherals” includes all
forms of input and output hardware. Current input
devices consist of keyboards, mice/trackballs, light
pens, digitizing tablets, video cameras, and text/
image scanners. Newer input technologies under
development include handwriting pens and tablets
and voice recognition systems. Output devices in
general use include printers (daisy wheel, dot
matrix, laser, electrostatic, and other high-speed
devices), plotters, CRTs, movie and/or video
cameras/recorders, and facsimile machines. Newer
output technologies include voice and music
synthesizers and 3-D imaging devices.

In addition to these input/output devices, this
area of technology includes the software that
enables the initial interpretation and recognition of
the input information, and also controls the
formatting of the output information. Although this
software has in the past been generally considered
as part of the “main” computer program, consider-
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able performance increases are possible when the
hardware input device and its associated control/
interpretation software are bundled into a package,
along with a combining of the output hardware and
its software. These developments free the main
processor from the requirement to perform the
input/output processing, thus increasing overall
performance.

Peripheral devices are often thought of as
unitary technologies — printers print. In reality,
however, they are composed of a number of
divergent hardware and software technologies.
Text/image scanners, for example, utilize three
component technologies: sensing, electronics, and
paper handling. As the hardcopy document passes
the sensor, the arrangement of image content is
detected and converted to electronic signals.
Electronic processing often “corrects” irregulari-
ties in the data received from the sensors.
Intelligent character recognition techniques may
further process the image data and produce
encoded textual data and document layout. Finally,
paper handling technologies are needed to deal
with any significant volume or variation of input
documents.

Printers also utilize three major component
technologies: marking, electronics, and finishing.
The marking technology causes electronic signals
to be rendered in some visible fashion, such as ink
drops or toner particles adhering to specific
locations on a piece of paper. The software running
in these computers must control the various
imaging elements, such as lasers and paper motion,
and increasingly can render the full range of
document content through paper description lan-
guages. The simplest finishing technology is a
stacker tray that receives the printed pages. More
complex finishing provides stapling, binding, fold-
ing, inserting, cutting, and trimming options.

REASONS FOR SELECTION

Storage technology is a limiting factor in the
application of other information technologies.
Development of high-performance computing
applications is dependent upon vast storage capa-
cities. Such applications include modeling and
forecasting weather, modeling global change,




mapping the human genome, and design of
high-performance aircraft. Archiving and manage-
ment of data collected from satellites are already
overwhelming existing storage facilities. Multi-me-
dia workstations, which are currently being devel-
oped, will store and process text, images, and voice
and will require significantly larger secondary
storage subsystems.

Input/output technologies, such as printing
and voice recognition, are critical in that they
improve the user’s ability to utilize computing
capabilities. These technologies increase the cost—
effectiveness of computers by reducing the differ-
ence between the way in which humans normally
interact and the way in which data and instructions
are moved into and out of computers. Without
some sort of input/output devices, the most
advanced computer is worthless. Additionally, the
ease of use of input/output devices represents in
large part the perception humans have of the
computer and its utility.

STATUS AND INTERNATIONAL TRENDS

The storage system industry is a $50 billion
industry, in which the United States enjoys a strong
leadership position. For example, the disk drive was
developed and brought to commercial introduction
by IBM. However, the U.S. position is now at risk as
the large Japanese computer companies are all
developing high capacity storage systems. While
performance improvements in capacity and
throughput are expected for both magnetic and
optical media, additional research and develop-
ment are required.

Thin film recording head transducers and
recording media are current topics of magnetic
media research. Thin film transducers and thin film
media promise to improve performance by at least
an order of magnitude. A goal of the research is to
develop prototype 3.5 inch disk drives capable of
storing 1- gigabyte of data within five years — a 25
fold increase over today’s technology. Recently,
redundant inexpensive disk arrays have been devel-
oped based upon 5.25 inch rigid disk technology.
While promising to reduce data loss and reduce
floor space required for large storage subsystems,
the technology has not been widely deployed.
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In recent developments, data formats for
optical media have been developed which are
comparable to those used for magnetic disks and
significantly improve access time. Holographic
optical elements are being explored to replace glass
lens and supporting structures to reduce weight
and improve access time of the read head in optical
systems. Current read and write storage systems
have data record speeds which are limited by the
power of available semiconductor lasers.

Widespread acceptance of optical media has
been slowed by the lack of interchange standards
and by limited information on the life expectancy of
data stored on the media. Unlike magnetic tape for
mainframe computers, where media standards
have encouraged multiple vendors to produce
interchangeable media and drives, the optical
media industry has produced a variety of data
formats for otherwise quite similar media. Conse-
quently, users are not confident that, at some later
date, consumers will be able to obtain optical disk
drives to read data written today. Furthermore,
while magnetic storage has a relatively limited
lifetime of about 10 years as an archival medium,
similar quantifiable experience is not yet available
for optical media.

As limits to storage densities and data transfer
rates are reached and massively parallel computers
become common products, architectures and
products for highly parallel disk storage subsys-
tems will be required. While they are likely to be
fabricated out of rigid magnetic disk media,
architectures for controllers, data storage and
management, and supporting operating system
components are likely to be substantially different.

The United States and Japan are the major
innovators in printing technologies. In the low-end
market segment, consisting largely of dot matrix
printers common on personal computers and
facsimile machines, Japanese capabilities in elec-
tromechanical systems and designing for
producibility have resulted in a very strong market
penetration. The mid-range market segment in-
cludes laser printers with speeds between 10 and 40
pages per minute. Traditional U.S. strengths in
leading edge technologies and integration have
given domestic firms a market lead in laser printers.




These printers, however, use foreign-made printing
engines with the U.S. value-added being the
integration of the technologies and proprietary
software. The high-end market segment includes
systems with speeds that exceed 50 pages per
minute with high-quality resolution of 600 spots
per inch. In this sector, U.S. strengths have given
domestic firms a significant but not necessarily
permanent market dominance.
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COMPUTER SIMULATION AND MODELING

DESCRIPTION OF TECHNOLOGY

Simulation and modeling systems are com-
puter-based tools that allow scientists, engineers,
and operators to test complete systems, advanced
structures, design concepts, and command meth-
odologies under a variety of conditions. With
specially designed software and computer hard-
ware, advanced simulation and modeling tech-
niques will allow researchers to create and utilize
virtual reality with an unprecedented degree of
control and realism. Simulation and modeling can
be applied to almost any situation that would
otherwise require laborious physical testing or
which may be impractical or impossible to test
directly. The following highlights the diversity of
simulation and modeling applications and the ways
in which these techniques can be applied to the
solution of complex problems.

Defense

The military sector currently uses simulation
and modeling techniques for a large number of
applications, including simulation of combat oper-
ations (from small-scale tactical levels to global
combat), simulation of complex system perform-
ance, and training. As an example, DARPA’s
Simulation Network (SIMNET) is a large-scale
simulation environment for combat training of tank
platoons and helicopters. In addition, the SIMNET
environment can be used to “prototype” new
weapons systems without the need to construct a
working model.

Over recent years, enhanced graphics and data
bases have been essential in improving the quality
of simulation and modeling technology for defense
purposes. For example, advances in three areas are
converging to support flight simulation systems for
training and cockpit resource management. Tech-
nologies that will boost success in the field are:

e Visual systems, which include image genera-
tion and display and depend upon improve-
ments in field-of-view capabilities and
realistic detail
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e Distributed processing techniques, which are
applied to the entire simulator operation and
serve to enhance the visual systems

e Instructor station capabilities, which simplify
an instructor’s task, allow more time for
management of simulation exercises, and
apply artificial intelligence techniques to
produce advancements in interactive systems
such as touchscreen inputs.

Manufacturing

Simulation and modeling is currently used by
some commercial and defense firms to save time
and money in many aspects of manufacturing and
eventually is expected to become pervasive in small
and large firms across all manufacturing sectors.
Simulating design, manufacturing, and testing
processes on a computer minimizes waste in
materials, allows for processes to be refined or
altered, and improves the rate at which products
are brought to market. Today’s computers can
handle more complex simulation programs than
ever before. In the next ten years, with widespread
implementation of computer integrated manufac-
turing (CIM), simulation and modeling advances
will be the driver in implementing more efficient
manufacturing approaches.

These techniques will also be used more
frequently to design and optimize the performance
of traditional processes, including forming, casting,
forging, powder consolidation, and welding, and to
perform general applications with shorter trial and
error periods. For example, future applications for
simulation and modeling software include systems
that will allow engineers to visualize machining
processes in advance. This type, called numerical
control (NC) simulation, reduces cost, time, and
paperwork involved in processing a raw material
into a part. The simulation model depicts on a
computer screen the paths that machine tools
follow to mill, turn, drill, bore, punch, and otherwise
sculpt parts, allowing manufacturing engineers to
detect process defects in a timely manner. By
having the capability to measure and assess many
different options before cutting raw material,
material waste and cost are kept to a minimum.




In another manufacturing application, simu-
lation and modeling is being used to improve the
operation of production lines and reduce the
requirement for buffers (extra stocks of materials
or parts) by as much as 25 percent. Buffers
prevent a production line from shutting down
when a problem occurs, but are also capital
intensive and take up storage space. Also, to
encourage greater use of simulation and modeling
on the factory floor, software producers have
developed user-friendly packages to minimize
the programming required. Although many man-
ufacturing-oriented programs are currently tai-
lored for specific purposes (such as materials
handling), friendlier and more general-purpose
systems will be realized in the future. Companies
also use simulation and modeling techniques to
analyze administrative problems such as capital
investment and staffing policies.

Agriculture and Medicine

Simulation and modeling is enjoying rapidly
growing applications in agriculture. By helping to
assure that just the needed quantities of agricultur-
al chemicals are applied at exactly the right time,
excesses that lead to surface and groundwater
pollution can be avoided. Farmers are rapidly
becoming aware of the benefits of this technology
and are gaining access to the necessary hardware
and software. As an illustration, a decision support
system based on a physiological model of the cotton
plant has allowed farmers to increase profits by
approximately $50 per acre. Moreover, simulation
and modeling programs that help to boost food
production are of strategic importance for interna-
tional trade.

Plant and soil scientists have for many years
used computer models as research tools to study
plant-environment, plant-nutrient, and plant-pest
interactions as well as cultivation-erosion relation-
ships. More recently, such models have been
equipped with inference interfaces and utilized in
decision support systems to ensure that informa-
tion from all relevant disciplines and data from all
available sources are integrated to improve agricul-
tural management.
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Useful applications of simulation and model-
ing to the highly complex and organized systems
of cells have had to await access to high-
performance computers and the development of
appropriate software. Increasingly, simulation
and modeling is being employed to elucidate
biological processes, to study the structure and
dynamics of proteins and other macromolecules
in solution, and in the design of molecules with
specific receptor affinities. Such usage is likely to
multiply rapidly.

Computational Fluid Dynamics

Computational fluid dynamics (CFD) is a
specific software application that has been used in
many industries to develop products dependent on
the science of fluid flow. By predicting fields of
pressure, temperature, velocity, and turbulence in
and around objects, CFD can determine the best
shape and size of equipment, as well as the
properties of fluids and related materials. This tool
can take the place of initial testing for missiles and
aircraft and can be used to predict the effects of
aerodynamic processes. There are numerous com-
mercial and defense applications involving prob-
lems in which air is the fluid being tested, including
simulation of flight and gas turbine engine opera-
tions. Manufacturing applications that require
fluid flow analyses include processes such as
chemical vapor deposition and plasma spraying.

In the commercial sector, CFD is expected to
be used with greater ease and frequency in the
automobile industry. In addition to modeling,
computing stresses, and controlling machines,
CFD can aid in the testing of external and
in-cylinder flows. Also, this technology is used for
simulations of passenger-compartment air flow,
oil flow and cooling, fuel-air mixture preparation,
spark ignition, tire adhesion, metal forming, and
paint application.

Prediction of Weather, Climate, and Global
Change

Another rapidly developing application of
computer simulation and modeling is in operation-
al weather forecasting, study of local and regional
(mesoscale) weather systems, and prediction of
climate change. Operational global models are




used for medium-range forecasting in the 3-to
10-day range for aviation and marine purposes.
The emphasis in these models is on integrating
weather over large areas of the globe. On the other
hand, limited-area or regional models are used for
short-range predictions extending 1 to 2 days and
focused in greater detail on the areas of primary
interest. The ability to model and predict local
severe weather conditions, with adequate warning
time for the population, has particularly important
economic and societal benefits. Historically, prob-
lems requiring computer modeling of atmospheric
circulations on continental, hemispheric, and glob-
al scales have provided a major impetus to
developments in computer software and hardware.

Recent concerns over global climate change
have led to the development of large-scale comput-
er models that take into account interactions of the
various components of the biogeochemical, hydro-
logical, vegetation, and physical-climate systems.
These models are designed to simulate some of the
important processes of global change, such as the
direct response of the climate system to increased
atmospheric concentrations of carbon dioxide and
other so-called “greenhouse” gases. One type of
climate prediction model tries to estimate future
change based on reconstructions of past climates.
The other type, known as a general circulation
model (GCM), is derived from weather forecasting
models and includes representations of other
elements of the climate system such as oceans and
land surfaces. Improving the quality of these
models involves a substantial ongoing international
effort in data gathering and management, model
development, documentation, testing, application,
and verification.

REASONS FOR SELECTION

Simulation and modeling has become integral
to development and implementation of new tech-
nologies in such diverse areas as defense, manufac-
turing, agriculture, and medicine. While the wide
array of applications described above attests to the
important role that simulation and modeling has
already assumed, future applications are limited
only by the creativity of the software designer and
the depth of analysis brought to bear by the user.
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Although there are current applications in complex
systems, manufacturing and production, CFD,
finance, environmental “mimicking,” and biotech-
nology design, future success in this technology will
depend on perfecting and advancing existing
techniques. In the next ten to fifteen years, the goals
of scientists and engineers are to reduce design
costs, increase flexibility, and optimize design by
anticipating changes in performance, thus reducing
needless trial and error.

Increasingly, simulation and modeling is
shown to be not only the best way of attaining an
objective — it is often the only way. Integrated
complexes, sometimes referred to as “systems of
systems,” characterize modern military and civilian
operations. Increasingly, these systems are too
complex to be built and managed using traditional
manual and computer-based techniques. Exam-
ples include the operation of an aircraft carrier
battle group, of a strategic missile defense system,
or of the North American air traffic control system.
The command, control, operation, design, and
testing of such integrated complex systems of
systems is possible only through advanced simula-
tion and modeling. For example the Navy’s Aegis
system employed a complete simulation (known as
“the frigate in the corn field”) throughout its
development; this system has been replicated for
training. The SIMNET system has demonstrated
its worth in integrating crews and troops at
widespread locations into a single computer-
simulated battle. The Strategic Defense Initiative
National Test Bed is the most recent and complete
example, utilizing two supercomputers in its new
facility to test strategic defense concepts and
hardware, which cannot be adequately tested in an
operational environment.

STATUS AND INTERNATIONAL TRENDS

Simulation and modeling techniques were first
developed in the United States at the time of the
Manhattan Project. As scientists developed ad-
vanced technologies for warfare, the development
of simulation and modeling techniques to test for
climate changes and to produce weapons became
critical. As the technology matured, U.S. simula-
tion and modeling capabilities expanded to other
industries and applications. Because of the scale of




resources required, comprehensive simulations are
likely to continue to be dominated by applications
for large systems (as in aerodynamic design,
modeling water supply, or war gaming).

The challenges in this technology are in
software design and computer hardware. The
United States has maintained a strong position in
software but is losing its edge in certain areas to the
Japanese, Europeans, and third world nations. The
computer industry is also becoming increasingly
competitive. Because simulation and modeling is
dependent upon a high degree of sophistication in
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creating reality on a computer, advancements in
computer capabilities and architectures that lead
to more adaptable and accurate graphic and
pictorial models are necessary for the technology’s
future success.

Military and civilian simulations have also
been developed and used by other countries,
especially European. The Japanese have developed
excellent capabilities in simulation and modeling
techniques for massively parallel computers and
are currently organizing a national effort to
collaborate on this type of software application.




BIOTECHNOLOGY AND LIFE SCIENCES

e Applied Molecular Biology
e Medical Technology
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BIOTECHNOLOGY AND LIFE SCIENCES

The life sciences demonstrate, perhaps more vividly than any other discipline, the synergy
between scientific discovery and the commercialization of innovative and life-enhancing products.
The publication by Watson and Crick in 1953 of their startling hypothesis that the genetic basis of
life resides in a so—called “double helix” of DNA strands stimulated intense scientific effort to un-
derstand the cellular and molecular basis of biological processes. These advances have led to the
development of recombinant DNA techniques, monoclonal antibody technology, sophisticated
new approaches to bioprocessing, and other biotechnological applications with almost limitless po-
tential to benefit mankind.

The “new” biology is having a profound impact on health care. Already, it has spawned
scores of important new products and approaches for the prevention, diagnosis, and treatment of
disease. In addition, applied molecular biology has important potential for many promising appli-
cations in energy conservation, bioremediation of wastes, production of chemicals for a variety of
uses, and other industrial processes. Recombinant DNA technology and other biotechnological
techniques also hold considerable promise for improving the performance of agricultural crops and
enhancing the productivity of livestock.

The revolution in applied molecular biology has been accompanied by dramatic advances in
the development of sophisticated medical technologies, which increasingly play a vital role in dis-
ease diagnosis and intervention. These technologies—derived largely from the physical and com-
puter sciences—include laser technology, magnetic resonance imaging, positron emission
tomography, advanced biosensors, and biocompatible prostheses. These technologies are contrib-
uting to longer life spans and improved quality of life.

Future progress in advanced medical technology and applied molecular biology is likely to
be stimulated by growing demand for advanced medical services as a result of population aging of
many industrialized countries, and increased requirements for environmentally benign industrial
processes and agricultural methods. However, the future impact of these technologies is also likely
to depend on other external factors including the regulatory environment, public acceptance of
products generated through biotechnology, and increased public concern regarding rising health
care costs. These and other such issues must be resolved to realize the full benefits of the rapid pace
of technological progress in biotechnology and the life sciences.
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APPLIED MOLECULAR BIOLOGY

DESCRIPTION OF TECHNOLOGY

Spectacular advances in the understanding of
the molecular basis for cellular functions are the
foundation of a new biology with almost limitless
potential for the betterment of mankind. The basic
techniques used to harness this scientific knowl-
edge for practical purposes are known collectively
as applied molecular biology, or biotechnology.

According to the Office of Technology
Assessment, biotechnology consists of “those
techniques that use live organisms (or parts of
organisms) to modify products, to improve plants
or animals, or develop microorganisms for specific
uses.” Biological processes have been employed for
thousands of years in such uses as fermentation (an
essential step in baking bread and brewing beer).
However, this technology category refers primarily
to new and innovative techniques to modify or to
manipulate biological organisms to produce useful
products. These capabilities are bringing about a
revolution in the development of new vaccines,
therapeutics, agricultural products, specialty
chemicals, pollution control mechanisms, and
materials.

The basic tools of applied molecular biology
include recombinant DNA technology, protein
engineering, monoclonal antibody production, and
bioprocessing. The following discussion describes
these techniques and discusses their potential
implications.

Recombinant DNA

Recombinant DNA techniques (also known as
genetic engineering) most frequently involve the
transfer of genetic material between differing
organisms. This transplanted genetic material
contains encoded instructions for functions charac-
teristic of the original cell, namely the production of
vital proteins. The transplanted gene imparts that
function to its new host cell.

Recombinant DNA technology is frequently
used to introduce a target gene into cells that can be
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grown in culture. The transplanted gene replicates
as the new host cells divide. In this manner, for
instance, a desired protein can be produced in large
quantities, harvested from the culture fluid, puri-
fied, and prepared in bulk. By introducing human
genes into cultures of bacterial, yeast, or mammali-
an cells, biotechnology companies have succeeded
in developing commercial quantities of a new
generation of important preventive and therapeutic
proteins, including vaccines, human insulin, human
growth hormone, cancer-fighting agents, and drugs
that dissolve blood clots and treat anemia.

Recombinant DNA technology also appears
applicable to the treatment of some genetic
diseases in humans through the introduction of
normal genes into a patient’s cells. This new field of
gene therapy potentially could eliminate or amelio-
rate many forms of inherited diseases. Likewise,
genetic material has been directly introduced into
animal embryos, thereby creating “transgenic
animals” which exhibit the traits associated with
the foreign gene. Transgenic mice, with defective
human genes, for example, have an important
potential as models of human disease.

While the initial impact of genetic engineering
has been most apparent in the field of human
health, these techniques also have the potential to
make a major contribution to agriculture. New
traits may be transferred to transgenic plants, such
as improved pest, drought, and disease resistance.
Transgenic livestock may be developed that are
leaner and can be raised more efficiently. Safe
microbial pesticides developed with recombinant
DNA technology could replace some chemical
pesticides.

Cultures of genetically-modified cells can also
be employed in the production of specialty and bulk
chemicals, including enzymes and other biochemi-
cal products used in food processing. Receptors
from nerve and muscle cells are being cloned to be
used as sensors to detect toxic chemicals in the
workplace or water supply. The tools of recombi-
nant DNA technology are also being used in the
development of materials as varied as antifouling




paints, high energy cathodes, and high-strength,
lightweight composites.

Recombinant DNA and other techniques of
molecular biology can also be used to identify the
location of a specific gene on a particular chromo-
some. A collaborative international program has
recently been launched to develop a comprehensive
“map” of the human genome. Such a map will assist
researchers in investigating the function of specific
genes and could lead to effective gene therapies to
correct defective genes as well as a better under-
standing of normal physiological processes. To
date, researchers have succeeded in isolating and
identifying only a small portion of the 50,000 to
100,000 genes present in every human cell. A major
contribution to this effort is provided by the new
polymerase chain reaction techniques which great-
ly amplify DNA and so increase the amount of
genetic material available for study. The develop-
ment of similar types of genome maps for major
agricultural crop plants would be an important tool
for harnessing biotechnology to improve crop
production.

Protein Engineering

Protein engineering embraces systematic, ana-
lytical approaches for the development of useful
proteins for specific applications by altering their
molecular structure. This procedure already is
employed in a number of important industrial
applications. By combining selected portions of
various molecules, researchers have developed
novel enzymes that can catalyze reactions in
solvents other than water, or which are capable of
synthesizing industrial chemicals more efficiently
than conventional methods. Proteins have been
modified to increase their stability in a variety of
environments, making possible new food produc-
tion methods, better laundry detergents, and
biochemicals for destroying wastes.

Similar techniques have important potential
for the development of new therapeutics. The cell’s
defenses against infection as well as other vital
cellular functions are activated when a protein
molecule with an appropriate shape binds to a
“receptor” on the cell membrane. Using the tools of

86

biotechnology and sophisticated analytic methods,
researchers can design highly specialized binding
molecules — or “biological response modifiers”
(BRMs) —- to trigger the desired cellular reaction.
This development of new therapeutics, based on a
detailed understanding of protein shape and the
molecular basis of cellular functions, is known as
“rational drug design.” While “rationally designed”
drugs have not yet appeared in the marketplace,
these techniques have the potential to revolutionize
the development of more effective therapeutics.

Monoclonal Antibody Production

Monoclonal antibody technology has already
begun to alter medical practice. Monoclonal
antibodies are produced by combining antibody-
producing, disease-fighting white blood cells (lym-
phocytes) with tumor cells which divide
continuously to create a culture of hybrid cells that
can produce large amounts of homogeneous
antibodies. Because the antibodies resulting from
this procedure are cloned from a single hybrid cell,
they are known as “monoclonal” antibodies. As a
result, these antibodies are highly specialized and
only attack a specific disease-causing agent or cell

type.

The development of monoclonal antibodies
has spawned scores of new diagnostic products
which are used to detect sexually-transmitted
diseases including HIV infection, as well as cystic
fibrosis, hepatitis B, various forms of cancer, and
other disorders. Monoclonal antibodies may also
be employed in the development of highly specific
and sensitive detection systems for plant and
animal diseases, as well as food-borne pathogens.
Monoclonal antibody technology may also have
important therapeutic applications in addition to
its current use for disease diagnosis. For example,
researchers are developing tumor-seeking mono-
clonal antibodies which can carry anti-cancer
agents directly to the cancer cells. Thus, very high
concentrations of drug can be achieved without
causing significant harm to healthy cells. Recent
developments have led to the production of
monoclonal antibodies with enzymatic activity.
These have considerable medical and industrial
potential.




Bioprocessing

Bioprocessing is the critical link between the
basic science of biotechnology and the production
of therapeutic drugs and other life-enhancing
products, food enzymes and ingredients, and
specialty products for agriculture and industry.
Bioprocessing is potentially more energy efficient,
product specific, and environmentally clean than
conventional organic synthesis. Opportunities for
genuine innovation are abundant. However, the
economics of bioprocessing must be improved for
biotechnology to achieve its full potential.

Novel techniques have been developed to allow
bioprocessing on a commercial scale. Microbial,
plant, and animal cells have been genetically
modified to increase their production of desired
biochemicals. Some cell types have been tailored to
secrete the product into the culture broth rather
than to retain it within the cell wall-—a method
which simplifies purification. The productivity of
cell bioreactors is being improved with the develop-
ment of packed or fluidized beds, micro-carriers,
and hollow-fiber technology. Enzymes that have
been immobilized on membranes are facilitating
product removal. Advanced affinity and chroma-
tography techniques and membrane filtration
technologies are boosting the efficiency of product
purification.

REASONS FOR SELECTION

The potential applications of molecular biolo-
gy span a broad spectrum of the U.S. economy. For
some sectors, such as disease prevention and
treatment, this potential has become a reality. In
others, further efforts must be made to transform
what is technically possible into commercially
viable applications. The most promising areas for
future progress are in the fields of human health,
agriculture, energy conservation, specialty chemi-
cals, new materials, and bioremediation.

In the health field, the tools of applied
molecular biology offer considerable potential for
understanding, diagnosing, preventing, and treat-
ing a wide range of disorders, including hereditary
diseases, AIDS, and cancer. Gene therapy has the
potential to cure or ameliorate many hereditary
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diseases and disorders such as cystic fibrosis,
muscular dystrophy, sickle cell anemia, and Hun-
tington’s disease. Other tools of applied molecular
biology, such as the development of transgenic
animals, also may be instrumental in the develop-
ment of effective treatments for AIDS, cancer, and
other diseases.

In agriculture, biotechnology has the potential
for improving the efficiency of livestock. A biotech-
nologically-produced hormone that promotes the
growth of healthier, leaner pigs is under develop-
ment. Biotechnology also has the potential to
increase crop yields, improve crop quality, and
reduce production costs while minimizing the
detrimental environmental impacts of pesticides
and chemical fertilizers. A number of innovative
products of agricultural biotechnology are nearing
the market, such as environmentally safe biopesti-
cides and disease-resistant crops. Such products
represent the leading edge of a technological
revolution in agriculture.

Bioprocesses are also being harnessed to
fabricate novel materials, such as spider silk and
underwater adhesives (from mussel cell cultures)
for commercial applications. Other biological
polymers are being developed to produce high-
strength, elastic materials. The new biology has also
made possible the development of biosensors,
which have important applications in ultrasensitive
detection systems for medical diagnostics, pollu-
tion control, detection of explosives and illegal
narcotics, and industrial process control.

Genetic engineering has become an important
new tool in environmental protection by making
possible the development of microorganisms that
efficiently degrade solid wastes and toxic chemi-
cals, clean up oil spills, and assist in the treatment
of wastewater. These techniques may also be useful
for developing microbes that produce enzymes
useful for converting biomass, a potentially impor-
tant source of renewable energy. Other genetically-
engineered microbes which are capable of
extracting minerals are also being investigated.

Technological progress in bioprocessing is key
to realizing the full potential of biotechnology.
Bioprocesses are being explored for the
manufacture of chemicals used in pharmaceuticals,




cosmetics, household products, and industrial
production. Recombinant DNA technology is
well-suited for the large-scale synthesis of natural
biological products like peptides, enzymes, and
vitamins. Other organic chemicals may also be
produced efficiently using bioprocesses.

STATUS AND INTERNATIONAL TRENDS

At present, the United States enjoys leadership
in the research base for applied molecular biology.
The field has benefited from the strong financial
support of the Federal government; an excellent
research base in leading universities, the National
Institutes of Health, and the Agricultural Research
Service; a high level of collaboration between
industry and the university research community;
and a dedicated, entrepreneurial workforce. A
world-class pharmaceutical industry and strong
agricultural sector also contribute to an excellent
infrastructure for biotechnology research and
product development.

In bioprocessing, the United States has a clear
advantage in harnessing the tools of applied
molecular biology in the medical area. Other areas
of promise have received significantly less atten-
tion. Government R&D programs have empha-
sized applications to human health; private
investors in biotechnology have also viewed thera-
peutics and diagnostics as the most attractive areas
for investment. Nonmedical applications like agri-
culture, alternative fuels, new materials, specialty
chemicals, and pollution control also have great
commercial and technological potential, but have
only begun to be exploited.

A number of European countries have the
scientific potential to become strong competitors
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with the United States in biotechnology, particular-
ly in the field of diagnostic, preventive, and curative
products for human health. Germany, for example,
has strong pharmaceutical companies. Its research
base is first-rate, and the government is devoting
substantial R&D resources to the field. However,
inadequate venture capital markets and regulatory
obstacles to establishing new biotechnology busi-
nesses may inhibit Germany from fully capitalizing
on its strengths. The United States offers a
relatively positive environment for biotechnology
start-up firms, but time-consuming product ap-
proval processes, delays in securing patents, and
deficiencies of venture capital remain significant
constraints to the development of the U.S. biotech-
nology industry.

Japan is devoting considerable public and
private resources to improve its capabilities in
biotechnology. The Japanese emphasis on the
development of nonmedical applications is evident
in food products, waste management technology,
and biochemicals. Japan’s extensive experience in
bioprocessing and fermentation technology allows
it to capitalize rapidly on research developments
elsewhere in the world. The field of biosensor
technology is rapidly expanding, with increasing
numbers of publications and patents appearing
each year. Several Japanese companies have
already begun to sell devices for environmental
monitoring, industrial analysis, and clinical analy-
sis which utilize miniaturized electrode technology.
Of the present commercially available instruments,
15% are of American origin; virtually all the others
are Japanese. Japan is moving to improve its
research base in molecular biology, but in the
meantime, Japan is noted for the speed with which
it can translate scientific knowledge generated
anywhere in the world into commercial advantage.




MEDICAL TECHNOLOGY

DESCRIPTION OF TECHNOLOGY

Innovative medical technology has revolution-
ized American medicine. Medical technology
encompasses many diverse areas of science, draw-
ing on advances in computers, fiber optics,
materials science, electronics, lasers, sonography,
and other fields. Medical products include new
diagnostic imaging equipment that can provide
precise pictures of bones, organs, tissue, and neural
activity; implanted devices such as cardiac pace-
makers, defibrillators, artificial heart valves, and
hip replacements; and innovative noninvasive
alternatives to conventional surgery, such as
lithotripsy, a technique using shock waves to crush
kidney stones. Indeed, the medical technology
industry is characterized by a dynamic pace of
innovation and rapid diffusion into the medical
marketplace. This discussion focuses on medical
products and equipment, other than drugs, used for
the diagnosis, mitigation, or treatment of disease.

Several areas illustrate the rapid rate of
progress in the field. In less than two decades, we
have moved from conventional X-rays to a host of
advances in imaging technologies. The CAT
(computer-aided tomography) scan uses computer
technology to reconstruct multiple X-rays into a
three-dimensional “slice” of the patient’s body.
Subsequent product improvements have increased
the intensity, quality, and speed of the equipment.
Magnetic resonance imaging (MRI) uses the
interactions of hydrogen atoms in human tissues
with magnetic and radiofrequency fields to produce
images of tissue and organ structures. Advances in
MRI include angiography (MRA), which trans-
forms electrical signals into computer images that
provide accurate data on the vasculature of the
brain. Spectroscopy (MRS) generates spectra that
reveal identities and levels of various metabolites in
the body, allowing, for example, assessment of heart
attack or stroke. The positron emission tomogra-
phy (PET) scan measures glucose metabolism of
neural tissue. Following injections of radioactive
glucose, the scanner can map areas of brain
activity. These relatively noninvasive technologies
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have opened the door to early detection and
effective treatment of a broad range of life-
threatening conditions.

Major advances are also occurring in implant
technology.  Cardiac pacemaker development
illustrates the dynamic pace of innovation. From
large, cumbersome devices driven by external
power sources, state-of-the-art pacemakers are
now miniaturized (from the size of hockey pucks to
half dollars), fully implantable, and rate-responsive
to individual cardiac rhythms. There are also
important advances in implant materials. For
example, researchers have tailored biodegradable
polymer microcapsules that slowly release proteins
to encourage bone growth following dental or facial
surgery. A family of nontoxic polymers has been
developed that creates biodegradable structures
with microencapsulated growth hormone to stimu-
late bone growth.

Breakthrough technologies offer alternatives
to conventional surgery. Lasers are proving
superior to traditional techniques by causing less
bleeding, fewer complications, and faster healing.
Lasers offer a growing number of medical applica-
tions; they can resculpt the shape of corneas,
remove cataracts, and vaporize plaque deposits in
coronary arteries. Fiber optic technology has
expanded the use of angioplasty and arthroscopic
surgical techniques. First generation lithotripsy
uses sound waves to crush kidney stones without
surgery. Newer lithotripters employ optical fibers
with pulses of laser light that pulverize the stones.

Sensors are an important development in
diagnostics. They combine electronic circuits with
biological material. In an at-home glucose
monitoring system, a drop of blood is placed on the
tip of a detector containing glucose oxidase bound
to flavin adenine dinucleotide (FAD). The glucose
from the blood binds to the strip, releasing
electrons. By counting electrons, the device can
provide immediate and accurate test results. There
are numerous other potential applications of this
technology that will vastly improve a wide range of
diagnostic procedures.




REASONS FOR SELECTION

Innovative medical technology can enhance
the quality of life and ease suffering from disease
and disability. Due to the aging of the population
and the demand for products that improve and
prolong life, major global market growth is
expected. The United States has long dominated
the global marketplace for medical technology. The
U.S. consumes over 40% of all medical technology
produced worldwide, and has consistently main-
tained a trade surplus in the industry ($3.2 billion in
1990). The industry is very research-intensive and
has demonstrated leadership in development and
commercialization of breakthrough technologies.
High technology medical equipment is also vital to
national security. Sophisticated and responsive
emergency treatment capabilities are essential in
times of war.

STATUS AND INTERNATIONAL TRENDS

The United States cannot afford to be compla-
cent despite its present strength in medical
technology. The cost-insensitive health care
environment of the past has given way to intense
concern over rising costs (health care expenditures
account for more than 12% of GNP). Medical
technology is often blamed for cost increases,
although many technologies may actually reduce
costs by reducing the length of hospital stays.
Frustrated by seemingly intractable cost problems,
and hampered by lack of good data about the link
between technology and actual expenditures, many
see medical technology as a mixed blessing. Also,
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because the government is deeply involved in its
role as payer (Medicare outlays alone were over
$107 billion in 1990), policymakers have focused on
controlling market growth rather than promoting
competition in this dynamic industry. This
increasingly cost-conscious marketplace, along
with regulatory constraints, product liability
threats, and the present economic slowdown, may
discourage innovation and product development in
the future.

As the American market stabilizes, producers
will increasingly have to look to foreign markets for
new opportunities. However, sophisticated medi-
cal technology requires a well-developed medical
infrastructure, limiting markets for certain prod-
ucts to developed nations. Most of these nations
are also struggling to control rising health care costs
and deal with complex regulatory regimes and
government-controlled pricing policies.

There are signs that America’s competitors are
gaining ground. The United States has a negative
balance of trade in medical technology with
Germany. While the overall U.S. balance of trade
in medical technology with Japan is still positive,
the United States is now a net importer of Japanese
electromedical equipment such as imaging devices.
Over half of the technologies identified as highest
priority emerging technologies by the Japan Sci-
ence and Technology Agency were medical and
biotechnologies. Thus, competition in both devel-
oped and developing nations abroad will be fierce,
and only the most cost-effective, highest quality
products will succeed.




AERONAUTICS AND SURFACE TRANSPORTATION

e Aeronautics

e Surface Transportation Technologies
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AERONAUTICS AND SURFACE TRANSPORTATION

This section includes two applications-oriented areas where continued advances in technol-
ogy and technology management will have a critical impact on the competitiveness of U.S. industry,
the balance of trade, military strength, and the quality of life. Aeronautics is a traditional area of
U.S. strength; the U.S. aircraft industry has led the world in military and civilian aircraft perform-
ance, production, and export sales.

Aeronautics encompasses a broad range of technologies, many of which are National Criti-
cal Technologies in their own right. These include: propulsion (which itself represents a complex
integrated set of technologies), materials, electronics, and the capability to integrate complex tech-
nologies into a system. Future generations of high-performance aircraft depend on substantial ad-
vances in all of these underlying technologies.

While the United States maintains an overall edge in aeronautics, the lead has substantially
narrowed in many of the underlying technologies. The Europeans and Japanese have made sub-
stantial gainsin selected electronics and materials technologies, and the Europeans are competitive
with U.S. producersin civil air transport export markets. The United States is maintaining its over-
all strength in systems integration.

Advanced surface transportation technologies can relieve growing congestion on U.S. high-
ways, improve vehicular safety and fuel efficiency, reduce reliance on liquid fuels, provide more
affordable mass transit, and reduce air pollution. Promising technology applications include intelli-
gent vehicle/highway systems and compact power sources. Technical challenges that must be over-
come before these can become technically feasible and affordable include continuing advances in
electronics, sensors, information technologies, materials, and compact power sources.
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AERONAUTICS

DESCRIPTION OF TECHNOLOGY

Aeronautics encompasses an array of technol-
ogies essential to the design, development, con-
struction, testing and qualification, operation,
performance, safety, and flight management of
aircraft. Although these technologies are inherent
in all classes of aircraft, the focus of this section is
on the key technologies associated with the larger
and more advanced aircraft, such as large subsonic
transports, high-performance military aircraft
(both fixed and rotary wing), and supersonic and
hypersonic aircraft. Leadership in these aeronauti-
cal technologies will be a necessary condition for
leadership in the commercial aviation marketplace
and for military air superiority in the next century.

Propulsion

Turbine and turboprop engines propel all large
transports and military aircraft, and are a key
determinant of aircraft speed, range, noise, agility,
and payload. More powerful engines, with better
fuel economy and significantly lower levels of
nitrous oxide emissions, are required for the next
generation of commercial aircraft. High-thrust
turbine engines with the ability for sustained
supersonic cruise without afterburners and having
low thermal signatures will be necessary for many
military aircraft. Specific areas which need priority
attention are: highly integrated engine/airframe
designs; ultra-high bypass, variable cycle, multi-
fuel, and hybrid (e.g., air turbo-ramjet) engines;
advanced engine components (inlets, propellers,
fans, compressors, combustors, nozzles, etc.); and
advanced aerothermodynamics and aerothermo-
chemistry (to improve engine performance).

Aviation Materials and Structures

Aviation materials and structures must meet
increasingly demanding requirements for strength,
durability, rigidity, temperature and corrosion
resistance, size, weight, and (for military purposes)
“stealth.” Advances in materials enable improve-
ments in airframes and aircraft engines. Specific
materials areas which require additional emphasis
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are advanced polymers, metals, intermetallics,
ceramics, fibers and composites, and the technolo-
gy to create them in economic quantities. Specific
structures areas which demand attention are:
advanced structures theory and computational
structural mechanics; hot structures and actively-
cooled structures for hypersonic aircraft such as
the National Aero Space Plane; and new inspection,
life prediction, corrosion control, and repair
methods to extend the useful life of aging aircraft.

Aerodynamics

Aerodynamics involves the complex physical
laws, theories, and computations that underlie the
design and performance of aircraft and aircraft
engines. Skillful application of this discipline
enables aircraft and aircraft engines to be designed
and their performance accurately assessed without
requiring the fabrication and physical testing of
prototypes through trial-and-error methods,
thereby greatly reducing aircraft design cost and
development time. Specific areas which require
attention are: improved ability to predict the
formation of turbulence and to develop methods
for its control; more accurate and efficient compu-
tational fluid dynamics (CFD) algorithms; codes
and grids for analyzing and optimizing aircraft and
engine designs by computer simulation; enhanced
techniques for laminar flow control to improve
airfoil efficiency; advanced hypersonic, aero-assist
and wave-rider vehicle designs; and improved
methods to reduce aerodynamic noise and sonic
booms generated by aircraft and rotorcraft.

Avionics and Systems Integration

Avionics provide the information and commu-
nications processing that facilitates aircraft con-
trol, operation, and survival. Systems integration
provides the network that links the various elec-
tronic and automated devices within an aircraft
and its weapon systems. Smaller, lighter, more
reliable, and more highly integrated avionics and
instruments are required as aircraft become
increasingly complex. Specific areas which need
priority attention are: highly integrated engine/




airframe controls; advanced electrical and optical

subsystems  (especially fly-by-light/power-by-
wire); advanced sensors to allow aircraft to safely
fly in wind shear, heavy rain, icing, and other
adverse conditions; and advanced “glass cockpit”
technology (replacing conventional gauges and
instruments with computer-generated displays).

Human Factors Engineering

Human factors engineering relates to man-
machine interfaces and the biomedical aspects of
aircrew performance. Advanced, human-centered
automation concepts (in which the benefits and
capabilities of automation technology are achieved
through designs which properly exploit human
capabilities) are needed for ever larger, faster,
longer flying, and more complex aircraft. Aircraft
operation necessarily includes consideration of the
safety and productivity of the flight crew, their
interaction with the aircraft and air traffic control
systems, and the information transfer required for
involved operational procedures. As automation
and complex computer-based systems are incorpo-
rated in flight decks and air traffic control facilities,
and as flying times and distances increase, while
airports and airspace become more congested,
opportunities will arise to improve both productiv-
ity and safety. A specific area of human factors
engineering which needs increased emphasis is a
better understanding of aircrew biomedical limita-
tions (especially fatigue and jet lag), and the
countermeasures to change, adapt to, and work
around these limitations. In the military area,
improvements in aircraft speed, maneuverability,
and information acquisition require continuous
human factors improvements to ensure that pilots
can remain in control of the full range of the
system’s performance.

Aircraft Manufacturing

Modern aircraft require new and increasingly
computerized methods and procedures to design,
fabricate, join, and install the advanced aviation
materials, structures, engines, and components
from which they are made. Also, because of
escalating start-up and tooling costs for new
aircraft, more efficient and economical processes
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and management technologies are necessary to
remain competitive. Specific areas which need
priority attention are: advanced fabrication, lay-up
and joining methods for aircraft materials and
structures, multi-disciplinary aircraft design tech-
niques, advanced numerical optimization, and
advanced computer aided design and manufacture.

Aeronautical Testing

Aeronautical test facilities, such as wind
tunnels, engine test cells, and supercomputers, are
required to conceive and validate aspects of aircraft
design, construction, and operation. A state-of-
the-art aeronautical testing infrastructure is there-
fore required for the United States to design, build,
and operate advanced aircraft. Specific areas which
require attention are: advanced supersonic and
hypersonic wind tunnels; large test cells which can
accommodate extremely large engines; advanced
aircraft sensors and telemetry devices; supercom-
puters to perform the calculations involved in
numerical aerodynamic simulations; and, perhaps
most important, improved academic curricula/
techniques and work incentives to attract, develop,
and maintain a cadre of skilled aeronautical
engineers.

REASONS FOR SELECTION

There are two main reasons why aeronautics is
important to the United States. First of all, it is
essential for continued dominance of the large
world aviation marketplace, which had over $100
billion in aircraft and aircraft-related sales in 1990.
The U.S. aviation industry accounts for about 70%
of that total, and currently employs over 1 million
people. Second, aeronautical technology is the
single most important component of military air
superiority and troop mobility, whose criticality to
national defense was clearly demonstrated in the
recent Gulf War.

Commercial and military aircraft are, and for
the foreseeable future will remain, high technology
products. New classes of aircraft and significant
improvements in aircraft performance are therefore
attainable only through advances in aeronautical
technology. In the commercial arena, prospective
advances in aeronautics could make possible the




following aircraft: economical and environmen-
tally acceptable supersonic transports (e.g., High
Speed Civil Transport successor to the Con-
corde), vertical take-off and landing aircraft for
commuter purposes (e.g., V-22 Osprey tilt-rotor
derivative), and significantly more economical
subsonic transports (including successors to the
Boeing 747). In the military arena, advances in
aerospace technology could lead to the following:
sustained Mach 3 capability in fighters the same
size as the F-15; short take-off and vertical
landing capability in fighters with the same size,
range, and payload as the F-15; and a doubling of
the payload capability of rotorcraft the same size
as the CH-47 helicopter.

Aeronautics is both dependent on, and a
stimulus for, many other critical technologies cited
in this report. For example, the design and testing of
more efficient and higher performance aircraft rely
to an increasing extent on computing capabilities.
The construction requirements of advanced air-
craft have stimulated the development of new
manufacturing equipment, processes, and manage-
ment techniques. The operation of and perform-
ance requirements for these aircraft have driven the
development of high-performance materials and
electronics, which have many non-aviation applica-
tions.

The relative importance of aeronautics from a
research investment standpoint is reflected in the
fact that roughly half of Federal funding to industry
for R&D goes to the aerospace sector, and that 20
to 25 percent of all independent R&D by U.S.
industry is in this sector. Approximately one-third
of the total U.S. defense budget is devoted to the
research, development, procurement, operation,
and support of aircraft. It is important to note that
since industry investments in technology develop-
ment derive from commercial and military sales,
market share ultimately impacts technological
superiority. Therefore, the United States must
maintain a strong commitment to both aeronauti-
cal technology development and aerospace market
share.
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STATUS AND INTERNATIONAL TRENDS

Although post-World War II U.S. manufactur-
ing dominance has been undermined in many
sectors during the past two decades, the U.S.
aerospace sector has thus far retained its preemi-
nent market position and generated a substantial
surplus for the U.S. trade account. U.S. aerospace
exports currently outpace imports by a ratio of
three to one, for a net annual gain to the U.S. trade
balance of almost $20 billion. U.S. companies
manufacture roughly three-quarters of all large
commercial transports delivered in the 1980s (not
including Soviet production). This market share is
declining due to an aggressive Airbus Industrie
effort and is likely to worsen if the United States
fails to maintain a strong commitment to aeronauti-
cal technologies.

U.S. military exports outpace imports by a
ratio of four or five to one. However, the United
States is now less dominant in worldwide military
aircraft sales because many countries have fostered
indigenous military aircraft production. Moreover,
U.S. export of military aircraft is coupled to U.S.
defense and foreign policy and is therefore con-
trolled. The large commercial transport market will
become increasingly important to aerospace sales
and technologies as U.S. and foreign defense
budgets decline in the 1990s. This trend is likely to
encourage foreign governments to support efforts
by their domestic aerospace producers to shift
resources from military to commercial aircraft
design and production.

Foreign governments have provided support
for their indigenous aerospace industries through
direct subsidies and other policies that favor
domestic production. These policies, along with
other market factors, such as high product-line
start-up costs, have facilitated a trend toward
international consortia to develop, produce, and
market aircraft and aircraft engines, components,
and parts. In order to promote foreign sales, U.S.
aircraft and aircraft engine producers have pur-
chased increasing quantities of foreign-made parts
and components for use in their finished products.
These practices have been a double-edged sword
for U.S. aerospace companies. They have facili-




tated the diffusion of aeronautical technologies
from the United States to other countries and have
stimulated a sharp rise in aircraft and engine parts
imports. However, they have also ensured contin-
ued U.S. access to foreign aerospace markets.

Partly as a result of direct government support,
Western Europe is now on a par with the United
States in aerodynamics and structures and is
slightly ahead in some advanced materials applica-
tions to new aircraft designs. European propulsion
and avionics capabilities are somewhat behind the
United States. Japan has instituted a large,
well-coordinated government and industry R&D
program, which may improve the Japanese technol-
ogy base and close what has been a significant gap
between it and the United States. The United States
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continues to lead in systems integration technolo-
gies, although Western Europe and Japan have
made progress in this area. As a measure of the
importance of aeronautics in the world, other
countries such as Brazil, Israel, and Australia have
developed advanced aircraft.

Market share in commercial transport aircraft
depends on many factors in addition to advanced
technology. However, to compete at all in this era of
direct foreign government subsidies, the technology
in U.S. aircraft must be better than that of its
competitors. For the United States to even main-
tain its current market share, it must continue to
make significant advances in aeronautical technol-

ogy.




SURFACE TRANSPORTATION TECHNOLOGIES

DESCRIPTION OF TECHNOLOGY

Surface transportation technologies offer im-
portant potential contributions to more efficient
and cost-effective transportation systems for the
nation. Two sets of technologies that are particular-
ly important to the future of surface transportation
are intelligent vehicle/highway systems and com-
pact vehicular energy sources (especially more
efficient batteries for electric powered vehicles).
The advantages of each technology to transporta-
tion systems will become evident only if trade-offs
with existing or alternative systems can be weighed.
Each concept must be designed, developed, tested,
and evaluated in an intermodal competitive con-
text.

Intelligent Vehicle/Highway Systems

Intelligent vehicle/highway systems (IVHS),
often referred to as “smart cars” and “smart
highways,” use advanced technology to increase
safety, system capacity, operational efficiency, and
driver convenience; reduce emissions, fuel con-
sumption, and congestion; and provide mobility to
drivers with diminished skills (e.g., the elderly and
the handicapped) by improving the interactions
among the driver, the vehicle, and the roadway. The
emphasis is on the total “driver-vehicle-roadway
system.” The addition of an information and
control infrastructure to the existing physical
transportation infrastructure will result in a funda-
mentally different system, which will have an
enormous impact on drivers.

Recent advances in electronics, sensors, com-
puters, and communications provide a major
opportunity for breakthrough improvements in
crash avoidance and highway traffic management.
A vast array of new driver information, communi-
cation, and vehicle control systems is currently
under development by the automotive and electron-
ics industries around the world. Advanced technol-
ogy allows the development of systems that will
monitor, control, and manage highway traffic much
like an air traffic controller at an airport; provide
pre-trip and in-route, real-time information with
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regard to optimum routes from origin to destina-
tion and navigational assistance; help drivers better
sense impending dangers; sense lapses in their
judgment and skills; aid them in performing their
driving task; and compensate for some errors.

Intelligent vehicles and highways will accom-
plish these objectives by applying and integrating
many other National Critical Technologies. For
example, advanced traffic management systems
incorporate technologies such as sensors (detector
and surveillance technologies), microelectronics,
software, and high-performance computing to
manage traffic flows more effectively. These sys-
tems will increase capacity on existing or slightly
modified/upgraded infrastructure, reducing pollu-
tion, energy losses, and other adverse effects
associated with overburdened roadways.

A related set of technologies deals with
advanced vehicle controls. These technologies will
enable improved handling, greater vehicle stability,
and size reductions. These improvements, in turn,
will permit reduced lane width and increased
density of traffic on highways and city streets
without sacrificing safety or convenience.

Compact Vehicular Energy Sources

Electrically powered vehicles are an extremely
important focus of surface transportation research
and development. However, these vehicles can
become convenient and cost-effective alternatives
to conventional vehicles only with the development
of advanced battery and fuel cell technologies (see
Energy Technologies) and the resolution of potential
environmental concerns. Battery technologies of
potential value include conventional lead-acid
types, as well as systems based on lithium,
aluminum-iron sulfide, sodium-metal chloride,
sodium-sulfur, zinc-bromine, and iron-air combi-
nations.

A number of design, engineering, perform-
ance, and lifecycle problems must be solved before
electric vehicles come into widespread use, even
though the basic technologies are understood in
principle. Prototype electric vehicles have attained




top speeds of 50 miles per hour and have a range in
excess of 100 miles before recharging. In addition to
these speed and range constraints, conventional
lead-acid batteries must be replaced at least every
four years at substantial cost. Improved aerody-
namic vehicle design, utilization of lighter weight
materials, and use of low resistance radial tires can
all contribute to vehicle efficiency. (These improve-
ments can be incorporated into new internal
combustion vehicles to achieve higher fuel efficien-
cies as well.)

Moreover, battery-powered vehicles may not
be environmentally benign in a systems context.
Although they do not produce exhaust emissions
while in operation, the generation of electrical
power required to charge the vehicles could have
undesirable environmental impacts at the source.
The development of immobile and relatively remote
generating stations, however, can facilitate the
identification and minimization of pollution prob-
lems. Another potential environmental problem
could be caused by the disposal of spent batteries.
Thus, options for recycling and reusing must be
developed (see Pollution Minimization, Remediation,
and Waste Management).

Fuel cells are another alternative power source
that offers great potential to provide the high
energy densities needed to meet future transporta-
tion requirements. Fuel cells, based on non-petro-
leum fuels, could provide improved efficiency and
reduced emissions compared to current internal
combustion engines. Proton exchange membrane
(PEM) is a particularly promising fuel cell technol-
ogy that has certain advantages over phosphoric
acid fuel cells in transportation applications. These
advantages include reduced size and weight, faster
start-up, better transient response, increased
reliability, and potentially lower cost. (See Energy
Technologies for further discussion of fuel cell
technology.)

Other Technologies

Other technologies of current interest empha-
size incremental improvements in performance of
conventional systems. Widespread use of micro-
processors in automobiles, for example, can control
emissions and optimize engine efficiency. Further
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advances in this area could lead to the replacement
of mechanical parts with smaller, more efficient
electronic components, improving engine perform-
ance, fuel economy, and maintenance records.

As demands on transportation systems grow,
so will the difficulties associated with maintaining
existing infrastructures. This is especially true in
the highway infrastructure, where needed mainte-
nance is often deferred because of unacceptable
distuptions in service. This practice compounds
the problems of deteriorating roadways and declin-
ing system efficiency. This challenge must be
addressed on several fronts. Advances in materials
technologies, for example, could lead to paving and
repair materials with higher strength, more durabil-
ity, and greater ease in surfacing. Strategic manage-
ment systems focusing on all aspects of the highway
system, including structures, pavements, safety,
traffic control, operations, and maintenance, are
essential for optimizing already overburdened
transportation resources.

Magnetic levitation (maglev) systems may have
potential applications in urban, suburban, and
intercity travel markets, particularly between cities
that are 100 to 500 miles apart. This technology uses
magnetic lift to raise the vehicle off a guideway, thus
eliminating rolling friction. Several maglev systems
have been designed and used outside the U.S.

REASONS FOR SELECTION

The U.S. transportation infrastructure is vital
to the nation’s economic growth and international
competitiveness. There are various signs, however,
that the system is beginning to break down.
Transportation networks in major urban areas in
the United States are overburdened. Many existing
roads and bridges can no longer accommodate
traffic increases through expansion or modification
of existing roadways. Furthermore, there are few
places to build new roads, especially in densely
populated urban areas, placing severe constraints
on the ability to reverse deterioration of the
infrastructure and to handle future growth.

Existing transportation infrastructures have
created widespread problems such as air and noise
pollution. Supplies of conventional (primarily
liquid) fuels that feed the transportation systems in




this country are unstable and finite. These prob-
lems create the need to find alternatives to existing
systems, to identify new and more practical means
for mass transportation, to manage current systems
more efficiently, and to minimize the negative
consequences of conventional systems.

None of the approaches outlined here will
eliminate problems facing the nation’s transporta-
tion networks. Nor are the vehicle technologies
described here envisioned as replacements for
well-established modes of transportation such as
automobiles powered by internal combustion
engines. Instead, the technologies are incremental
improvements in systems, operations, and manage-
ment that will produce long-term benefits in
maximizing the utilization of scarce resources —
including land, space, fuels, and time.

STATUS AND INTERNATIONAL TRENDS

Many of the surface transportation technolo-
gies and applications rely on other National Critical
Technologies, including materials, communica-
tions, electronics, and simulation and modeling.
Thus, the successful development, application, and
commercialization of surface transportation tech-
nologies is dependent upon advances in these other
fields as well.

Both Europe and Japan have initiated ambi-
tious intelligent highway programs, although two
European programs stand out. These are the
Program for European Traffic with Highest Effi-
ciency and Unprecedented Safety (PRO-
METHEUS) and the Dedicated Road
Infrastructure for Vehicle Safety in Europe
(DRIVE). U.S. initiatives on intelligent vehicle/
highway systems center on research, development,
and field testing of proven technology. These
activities involve Federal, State, and local government
offices, as well as the private sector. Field trials for
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advanced traffic management and traveler infor-
mation systems will be carried out for at least four
systems in several states. Another major initiative
being undertaken in the United States is the
Program for Advanced Technology for the Highway
(PATH).

Many of the obstacles to the implementation of
these concepts involve policy, regulatory, and
institutional issues as well as numerous human
factors. It is important to work toward the
resolution of these issues, in addition to achieving
progress in the maturation and development of
specific technologies.

For electric powered vehicles, battery life and
power ratings remain the single most important
challenge. While improvements have been made,
both extending the range of battery-powered
vehicles and prolonging their life cycles are
essential if they are to compete with conventional
gasoline-powered vehicles in the near-term, even
as a supplemental means of transportation. None of
the advanced batteries now being tested in high
density, compact form — nickel-iron, nickel-cad-
mium, zinc-bromine, lithium-iron sulfide, sodium-
sulfur, metal-air — are commercially available and
all of them require considerable engineering
development before they can be brought to the
marketplace.

Maglev technology has been the subject of
substantial R&D and demonstration efforts for
more than 20 years, primarily in Germany and
Japan. Its use in city operation at low speeds is well
proven in those countries, but high speed systems
are still being tested and evaluated. The practicality
of using maglev in the United States, given the need
to consider density of population centers, construc-
tion costs, rights of way, and competing alterna-
tives, is still to be determined.




ENERGY AND ENVIRONMENT

e Energy Technologies

e Pollution Minimization, Remediation, and Waste Management
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ENERGY AND ENVIRONMENT

Awide range of promising technology applications responds to the pressing national need to
reduce use of fossil fuels, reduce the import of liquid fuels, and minimize adverse environmental
impacts of modernindustrial society. Energy source issues include energy efficiency, cost-effective-
ness, and the minimization of adverse environmental impact. However, there are trade-offs in
these three areas with virtually every alternative energy source and storage technology. No single
technology offers the promise of limitless energy at minimal cost and environmental impact.

Promising energy source technologies include renewable energy technologies (including so-
lar thermal power generation, photovoltaics, alternative fuels, and biomass processes), nuclear fis-
sion, and environmentally improved processes (such as fluidized bed combustion). Other promising
energy technology areas include improved conservation and storage technologies. Some of the
more promising energy technologies ultimately could replace more conventional fossil fuel power
sources, but at present all except nuclear fission are viewed as incremental technologies to meet
rising energy demand and to manage energy loads more efficiently. None of the source technolo-
gies, even in combination with efficient storage, are viewed as short-term replacements for conven-
tional energy sources for a combination of technological, economic, and regulatory reasons.
Realizing the potential of these new energy technologies depends on further advances in informa-
tion technologies (notably electronics, sensors, and simulation and modeling), materials, and other

National Critical Technologies.
\

In environmental technologies, trade—offs again exist among pollution minimization, cost,
remediation, and waste management. Although significant environmental improvements could be
made through more widespread application of proven control technologies, the solution to serious
emissions and toxic waste problems will need significant advances in minimization, remediation,
and waste management technologies. Like the energy area, environmental technologies are closely
linked with continuing advances in a range of other critical technologies.

The technological issues associated with energy and the environment are substantially inter-
twined. An integrated approach to energy and environmental issues will produce more effective
utilization of new and emerging technologies.
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ENERGY TECHNOLOGIES

DESCRIPTION OF TECHNOLOGY

There is a critical need to reduce the nation’s
reliance on oil, and especially on supply sources
under the control of unstable or unfriendly govern-
ments. There also is growing concern about the
environmental impact of global increases in energy
use and the effects of higher concentrations of
“greenhouse” gases in the atmosphere. However, a
shift to alternative energy sources inevitably will
involve trade-offs in the areas of cost, system
efficiency, and environmental impact. Since no
energy source offers limitless supplies, low costs,
and zero environmental impacts, a total systems
approach must be employed to identify new
opportunities and assess their potential drawbacks.
The technologies involved in improved energy
sources, energy conservation, and energy storage
can bring us closer to these energy goals.

Energy Sources

The United States and other nations are
exploring a variety of alternative energy options.
Although many of these show promise of providing
reliable energy supplies in the future, further
improvements in cost-effectiveness and technolog-
ical and market developments are required. Tech-
nologies with the potential to achieve these aims fall
into two broad categories: renewable energy
sources and environmentally improved technolo-
gies, which are directed toward utilizing traditional
fuels while minimizing the drawbacks normally
associated with them. In addition to central power
station applications, these technologies can often
be applied in modular form to satisfy peak demand
surges, restrain the growth of fossil fuel consump-
tion, and alleviate the need for construction of new
conventional power plants to meet peak loads.

Renewable Energy Technologies. Solar ther-
mal power generation, photovoltaics, wind tur-
bines, and biomass/alternative fuels are among the
most promising of the alternative renewable energy
technologies. Solar heating of buildings and water
is utilized worldwide, with varying commercial
success. In addition, thermal power can generate
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electricity by utilizing reflective surfaces to concen-
trate sunlight onto a receiver. Trough electric
systems use a parabolic reflector with a receiver
that runs along its focal line. Dish/Stirling systems
use a parabolic dish that focuses sunlight to a single
point near the engine and generator. Central
receivers use individually controlled heliostats or
mirrors located on the ground to reflect and
concentrate sunlight onto a receiver located on a
tower. The higher the concentration, the higher the
temperatures generated in the system, and the more
efficient is the generation of electrical power.

Photovoltaic devices directly convert solar
photon energy into electrical current by separating
light-generated charge carriers by a built-in
electric field at the interface of the semiconductor
layers. Silicon, copper indium diselenide, cadmium
telluride, and gallium arsenide are the principal
materials used in their production. An important
determinant of the commercial potential of photo-
voltaics is cell and module efficiency. Current flat
plate photovoltaic modules have efficiency rates of
5 to 10 percent, with estimated lifetimes ranging
from a few years for older technologies, to as much
as 20 years for newer ones. Costs must be reduced
for photovoltaics to compete with other utility—
scale sources.

Wind turbines convert wind into useful me-
chanical or electrical energy. The conversion
process utilizes basic aerodynamic forces to pro-
duce net positive torque on a rotating shaft. This
results in mechanical power, which can then be
converted to electrical power. Higher efficiencies
can be achieved through improved design tools,
advanced airfoils, improved manufacturing, and
better site selection.

Research is also underway on alternative fuels
for transportation and other uses, with a focus on
biomass processes. These include various alcohols
in pure form or blended with petroleum-based
products. Grains, sugar, wood, plant wastes, and
other organic materials with high cellulose content
are the feedstocks for producing these fuels.
Methane production for heating and other




purposes is another potential source to reduce
demand for traditional energy sources.

Environmentally Improved Technologies. The
United States has large reserves of coal that
theoretically could satisfy energy needs for centu-
ries. Exploitation of this resource is limited by
economic and environmental concerns. More com-
plete understanding of combustion and catalytic
processes could result in cleaner, more efficient
power generation technologies. A fluidized bed
combustor continuously feeds small particles,
typically coal particles, into a chamber through
which large volumes of combustion gases flow.
Potential advantages of this process are lower
emissions and more complete combustion.

Nuclear fission is the only currently available
technology capable of producing large blocks of
electrical energy without direct emissions of carbon
dioxide, sulfur oxides, and nitrogen oxides.
However, vigorous research and development of
advanced designs for light water, gas-cooled, and
liquid metal reactors is needed to ensure that our
plants are the safest, most reliable, and most
efficient possible. These designs promise to en-
hance safety margins substantially through passive
response to non-normal conditions, use of simpli-
fied systems, and inherently improved thermal
management and tolerance. These enhancements
should translate directly into better public accep-
tance. Second generation nuclear technologies
resulting from research and development could
provide, according to conservative projections, 140
GW of new capacity by 2030. Nuclear power would
then reduce carbon dioxide emissions by 24 percent
from alternative scenarios.

In contrast to fission, nuclear fusion technolo-
gy is not considered by the Panel to be a current
critical technology because of the long development
lead-times anticipated for commercialization.

Energy Conservation

The focus of energy conservation is on those
technologies that will directly reduce energy de-
mand. More efficient manufacturing processes,
reduced energy loads in buildings, and efficiency
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gains in transportation are among the areas that are
critical to our energy future.

Energy efficiency gains and conservation
measures benefit the economy, which grew by 46
percent since 1973, while growth in energy demand
was limited to only 11 percent over the same period.
Significant additional improvements are essential
to moderate energy consumption while promoting
economic growth. In addition, while total energy
demand has grown moderately in the United States,
rising demand in certain energy sectors, electricity,
for example, has continued unabated. This necessi-
tates efficiency improvements in power generation
and distribution, as well as more efficient end use.

Considerable research into energy efficiency
technologies continues and will produce future
payoffs for the nation. Many of the technologies
and sciences that will improve future efficiency
have been identified in the National Energy
Strategy and other analyses. The technology thrusts
include:

e Combustion research to better understand the
mechanism and kinetics of fuel consumption

e Research into the mechanisms of heat transfer
in solids and fluids

e Analysis of material chemistry and develop-
ment of materials processing methods

e Advanced materials research in high- and
low-temperature applications

e Surface science, coatings, and lubricants to
gain efficiency improvements in precision
machining and in rotating machinery.

Representative of existing and emerging tech-
nologies are building energy conservation technolo-
gies, which include factory-produced housing (i.e.,
the use of modular components that reduce energy
consumption by unifying wiring, water pipes, and
other items rather than installing them separately);
advanced materials for housing and commercial
buildings; energy-efficient lighting, appliances, and
equipment; and sensor technology that can shift
heating and cooling to those parts of a building that
need it the most over the course of a day.
“Superwindows” (double-paned windows made of
transparent but nonconducting material) offer




vastly improved insulation capabilities, with resis-
tance values (R-values) of above R-19, compared
with the R-3 that is available from normal
double-paned windows.

The design and development of more inherent-
ly efficient manufacturing and production pro-
cesses would improve the competitiveness of U.S.
industry while reducing energy demand. In many
instances, reduced energy consumption through
more efficient process design would also minimize
environmental problems associated with industrial
processes. (See Pollution Minimization, Remedi-
ation, and Waste Management.)

Energy Storage

Energy sources and storage are linked inextri-
cably. One critical problem in the delivery of energy
is the mismatch between the rates of production
and use. Solving this problem involves a combina-
tion of storage and transmission of power from
those areas with excess capacity at a given time of
the day to those areas with a capacity shortfall.
Promising technologies will allow more effective
utilization of present energy sources, as well as
provide a new means to satisfy the mobile power
requirements of electric vehicles and peak electric
power demands of the future. Improved battery
and fuel cell technologies are required to achieve
these objectives.

Batteries. Batteries are more efficient than
mechanical storage systems, but their primary
advantage is their flexibility, which allows them to
be sited near intended load areas. Other
advantages include their near-zero emission levels,
minimum noise levels, and their ability to charge
and discharge rapidly. Operation and maintenance
requirements also are low, although battery pro-
duction and disposal of expended batteries pose
environmental concerns. Improvements in cost,
weight, and operating lifetimes are required to
achieve widespread utilization.

Promising battery technologies include well-
known lead-acid types, as well as lithium, alumi-
num-iron, sodium-metal chloride, sodium-sulfur,
zinc-bromine, and iron-air batteries. Advanced
lead-acid and zinc—chloride batteries could have
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applications for utility scale energy storage in the
future. The former offers incremental efficiency
gains over conventional lead-acid batteries and the
latter is viewed as the most advanced in terms of
research. A major advantage of zinc-chloride
batteries is that their discharge rates can be
controlled. This would have important implications
for both utility grid and transportation applica-
tions.

Fuel Cells. Fuel cells are used to generate
electrical power through controlled reactions of
hydrogen and oxygen in the presence of an
electrolyte. A fuel cell powerplant consists of three
basic elements: a fuel processor that extracts
hydrogen from any hydrocarbon fuel, a power
section that consists of several stacked cells, and a
power conditioner to transform direct current into
alternating current. Since the process that gener-
ates electrical power is electrochemical, not me-
chanical, a fuel cell contains no moving parts and
does not involve combustion. It is possible that fuel
cells can be constructed on varying scales, from
individual units, to power-moving vehicles, to
larger scale plants for commercial electricity
generation.

Fuel cell technology offers several potential
advantages over existing power generation and
storage methods. Fuel cells can be used for a variety
of power needs, from small-scale applications to
larger ones. They are less dependent on location to
satisfy their role in energy demand, so they could be
suitable for remote power generation and storage.
The environmental impact is presumed to be less
than that of conventional technologies, and poten-
tial feedstocks are abundant. Its simplicity could
mean high availability rates, as much as 80 to 90
percent in the case of larger-scale power plants.

REASONS FOR SELECTION

Petroleum and other fossil fuels are finite
natural resources that are basic to modern life —
generating power for homes, industries, and trans-
portation for most of the world’s population. The
long-term prospects for achieving energy security
and maintaining economic growth are uncerain
unless alternative energy solutions are identified.
While efficiency gains have enabled this country’s




economy to expand at a significant rate over the
past decade with limited increases in total energy
consumption, the worldwide demand for fossil
fuels, especially petroleum, will increase if alterna-
tives are not developed. Although fossil fuels will
remain the primary energy source for the United
States in the foreseeable future, economical and
“cleaner” alternatives must be identified and
developed to meet anticipated increases in de-
mand, while laying the groundwork for implement-
ing a replacement strategy over the long term.

Central to this effort is the development of
more effective means of accessing and storing
energy. One of the most important factors in the
escalating cost of delivering electric power to users
today is the fact that energy must be delivered as it
is demanded. Thus, generating systems and infra-
structures must be geared toward peak demand
periods, even though those periods occupy only a
portion of a day’s total power needs. Effectively
combined energy production and storage technolo-
gies could reduce demands on electric power
generation infrastructures, provide the flexibility
needed to achieve steady utilization rates, and
address pollution control and conversion efficien-
cies.

STATUS AND INTERNATIONAL TRENDS

Despite their commercial promise and the
worldwide research momentum, the future com-
mercialization of energy source, conversion, and
conservation technologies is dependent on the
ability to overcome a number of technical obstacles
and constraints, which include the following:

e Limited knowledge of fuel chemistry leads to
less than ideal extraction of chemical energy
from fossil fuels as well as generation of
undesirable pollutants

e Development of solar energy technologies
requires an improved understanding of funda-
mental properties and mechanisms of photon-
matter interaction, including photosynthesis

e Materials research is required to reduce
manufacturing costs. (Resistance to degrada-
tion and more suitable materials would help
achieve higher efficiencies in capture, conver-
sion, transmission, and storage of energy.)
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Energy Sources

Government and private sector research has
resulted in significant breakthroughs for solar
power generation, and DOE estimates that solar
energy systems could be a multibillion dollar
market for U.S. firms. Solar technologies are
becoming increasingly cost-effective. Power plants
operated by Southern California Edison initially
generated power at a cost of $0.24 per kilowatt-
hour; second generation systems will generate
power at an estimated $0.08 per kilowatt-hour, with
further cost reductions of 30 percent or more
attainable.

Research is now being performed by other
nations, and potential international competition is
particularly strong in photovoltaics. Germany’s
research budget on photovoltaics is 65 percent
larger than that of the United States. Japan’s
photovoltaic research is 40 percent higher. Even
though it is still a fledgling industry, the U.S. market
share of the photovoltaic industry has fallen from
65 percent in 1981 to 31 percent in 1988. The
technological key to tapping the solar resource is in
improving conversion efficiencies and reducing
system costs. Among the associated technologies
that would enable further advances in solar power
are: optical materials and advanced optical tech-
niques to improve light gathering efficiencies and
reduce costs; better semiconductors to improve
conversion efficiency; high-temperature materials
to enable receivers to absorb sunlight more
efficiently; low—cost and lightweight heliostats and
parabolic dish collectors; and advanced molten—
salt and direct absorption receivers for central
receiver systems.

Energy Storage

Capital costs and inherent efficiency limita-
tions constrain the use of currently available
batteries for mobile and stationary power storage.
Few, if any, new battery types are near commercial-
ization. Current research is directed largely at
achieving breakthroughs that would enable the use
of advanced batteries in transportation (see Surface
Transportation Technologies). Several other pro-
posed battery technologies, including iron-chro-
mium, zinc-ferrocyanide, nickel-hydrogen, and
lithium-iron sulfide, are considerably less mature.




Fuel cell technology has been demonstrated in
the United States and Japan, with 38 small-scale
demonstration plants in operation by the
mid-1980s. Limitations in fuel cells include the
effectiveness of electrolytes (the medium in which
the electrochemical reactions actually take place),
the high cost of constructing and maintaining
power sections, and efficiency losses due to poor
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system integration. One important limiting factor is
that, due to their relative inefficiency, fuel cells
require far larger installations to generate power on
a commercial scale than many conventional pro-
cesses. Periodic replacement of fuel cell stacks also
could prove detrimental, since current fuel stacks
need to be replaced at least every 40,000 hours of
operation if working at full capacity.




POLLUTION MINIMIZATION, REMEDIATION,
AND WASTE MANAGEMENT

DESCRIPTION OF TECHNOLOGY

Environmental pollution — contamination of
air, soil, and water —— occurs in many forms and is
highly pervasive. U.S. industry alone generates
more than 300 million tons of liquid and solid
hazardous wastes and another 600 million tons of
nonhazardous wastes annually. Some pollution
minimization and remediation strategies involve
more widespread application of existing technolo-
gies and more efficient management methods,
rather than new technologies to reduce the conse-
quences of pollution. According to one estimate,
environmental contaminants could be reduced
globally by as much as 50 percent if currently
available technologies were utilized in all stages of
industrial production.

However, more widespread application of
current technologies will not be enough to solve
serious existing and future environmental prob-
lems; new technologies will be required. Many of
today’s processes and technologies simply trans-
form pollutants into a more manageable form,
rather than neutralize or convert them into benign
substances that can be discarded. The elimination
of one pollution problem often results in the
creation of others. For example, separation pro-
cesses might create more easily handled wastes that
can be incinerated. Although the treatment pre-
vents potentially toxic substances from entering
into water supplies, incineration could result in
toxic air emissions or residual wastes that pose
disposal problems of their own. Thus, future
technology must systematically address the source
of the problem, not just the pollutants.

The nation’s priorities within this technology
area focus on economical minimization technolo-
gies and techniques; recycling/re-use of final
products and production by-products; and the
treatment of waste products or the disposal and
storage of those wastes that cannot otherwise be
accommodated. Remediation is the final stage in
this waste management strategy, focusing on
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restoration of damaged environments or reduction
of toxicity to acceptable levels. It is unrealistic to
expect total elimination of all pollutants, but skillful
waste management utilizing appropriate technolo-
gies in all four phases outlined above can reduce
wastes to more manageable levels and reduce risks
to society.

Minimization

Pollution minimization involves the reduction
of polluting outputs at their source, generally the
manufacturing process, and the implementation of
improved production techniques to reduce poten-
tial pollutants from the outset. Source reduction
can be achieved through product changes, the use
of less toxic materials in production, equipment
redesign, and/or process modification. Private
sector firms recognize that instituting pollution
minimization strategies can also lead to improved
production efficiency and commercial opportunity.

Specific strategies and tools vary from one
industry to the next, but the common thread of
these strategies is that pollution is controlled and
minimized by incorporating new elements into
processes, particularly elements that will simulta-
neously improve production processes, rather than
relying on “end of pipe” add-on controls. This is
partially achieved through the optimum utilization
and efficient control of inputs. An example of a
minimization strategy is the use of agricultural
technologies that can sustain production with less
reliance on fertilizers and pesticides.

Recycling/Re-use

Having reduced the generation of pollutants
through minimization actions, recycling and re-use
can further diminish the volume of potential
pollutants resulting from production. Recycling can
also benefit industrial processes, where chemical
and other wastes are identified for re-use. Closed
loop processes in particular can reduce waste
products and improve production efficiency.




Materials in industrial processes are amenable
to recovery and recycling if their physical and/or
chemical attributes allow them to be easily sepa-
rated from process effluent. A typical recovery/re-
cycling system will use several technologies in
sequence. Standard technologies that can be
adapted for the recovery of raw materials or
by-products may be grouped in three general
categories:

e Physical separation, which includes gravity
settling, filtration, flotation, flocculation, and
centrifugation

e  Component separation, which relies on differ-
ences in electrical charge, boiling points, or
miscibility

e Chemical transformation, which relies on
chemical reactions to remove specific compo-
nents.

The maturity of different recovery and recycling
technologies varies and there are trade-offs in-
volved in their use. Physical separation techniques,
for example, are relatively well developed and inex-
pensive, but they are not as efficient as other tech-
niques. More complex processes, such as reverse
osmosis, are far more costly and have only been im-
plemented for hazardous waste reduction on a lim-
ited scale.

Treatment, Storage, and Disposal

Treatment technologies address processing of
pollutants that cannot be re-used and must be
discarded or stored in a way that minimizes any
dangers to the environment. An overriding consid-
eration in treatment is to reduce the total volume of
potential pollutants so that they can be more easily
managed. Separation techniques commonly used
for recycling/re-use are among the simplest and
least costly means of reducing the volume of
pollutants, especially liquid wastes. One promising
technology in this area is supercritical water
oxidation (SCWO). In SCWO, organics are oxi-
dized in the presence of a high concentration of
water that is brought to temperatures and pres-—
sures above its critical point. This technology has
been demonstrated successfully in the treatment of
many industrial and nuclear wastes. It may also be
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applicable to mixed wastes and, since it can process
highly dilute process streams, it obviates the need
for preprocessing.

Not all wastes can be recycled or converted
into totally benign substances. Although various
treatment technologies can reduce the volume of
pollutants, many wastes still require safe storage
and/or disposal. Toxic wastes that are concentrated
by treatment technologies can be stored more easily
and in a manner that poses a more identifiable and
manageable risk than untreated waste.

The storage and disposal of nuclear wastes is a
difficult problem. Nuclear disposal traditionally
has involved the burial of wastes underground
and/or storage of wastes in containment pools.
Because of the long time period required for many
forms of radioactive wastes to decay and the high
toxicity of these wastes, secure disposal and storage
methods are required. Research to find alternative
means for disposing of high- and low-level nuclear
wastes continues to be warranted.

Remediation

In contrast to the avoidance of pollution
through minimization or its reduction through
treatment, remediation technologies restore con-
taminated environments to their original condition
or reduce levels of toxicity to a point where they
pose no significant dangers. A number of remedies
already exist and others offer potential for dealing
with toxic pollutants that were considered to be
virtually untreatable a decade ago. Among these
advances are soil washing techniques, in which
contaminated soils are treated with chemical
agents that permit the separation of both organic
and inorganic contaminants; thermal desorption, in
which contaminated materials are heated to release
toxic pollutants in a gaseous form; and composting
processes that transform organic contaminants
through biodegradation.

A remaining technical issue in remediation is
that the number of treatments required can be
extremely high — at least equal to the numbers and
types of pollutants entering soil, water, or air. At
present, few technologies can effectively restore
areas damaged by more than one form of pollutant.




One very promising new technology is bioreme-
diation, which uses recombinant or naturally occur-
ring bacteria to ingest pollutants that would require
years to eliminate through natural processes or that
pose permanent dangers to the environment (such as
inorganic toxic wastes). According to one estimate,
bioremediation of toxic wastes could be only 10
percent as expensive as conventional treatment and
storage processes, without creating attendant prob-
lems with leftover wastes that require supplementary
treatment. In a set of recent applications that received
wide attention, bioremediation was used to treat
devastating oil spills in Alaska and Texas. In other
applications, microbes break hazardous compounds
into less dangerous substances, which can then be
incinerated or treated with conventional technology.

Risk Assessment

Systematic utilization of waste management
and pollution control technologies relies on the
effective use of risk assessment methodologies,
which can estimate the form, dimension, and
characteristics of environmental risks and deter-
mine threats associated with new products or their
by-products. Risk assessment tools are used to
address diverse analytical problems in areas that
extend from biotechnology and agriculture to
energy and the environment.

Improved risk assessment techniques can make
a major contribution toward systematizing and
prioritizing waste management actions. Development
priorities include improved testing methods, environ-
mental modeling, and sampling techniques. Simpler,
more reliable, and faster monitoring and testing
equipment is also important. New devices in such
areas as supercritical fluid extraction for sample
preparation, and environmental immunoassays for
on-site screening of test samples, offer the promise of
more reliable and less expensive monitoring and
testing. This will, in turn, lead to a more accurate
understanding of the hazards posed by specific forms
of pollution and waste.

REASONS FOR SELECTION

The dollar cost of combating pollutants is
huge, even before the impact on health and welfare
is considered. Industry spends $46 billion annually
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on pollution controls to meet existing regulations.
Disposal costs are increasing as well, amounting to
over $240 per ton at many sites. Eighty percent of
existing landfill space will close permanently over
the next fifteen years, further exacerbating the
problems and costs associated with disposal of
solid waste. Potential economic and health benefits
from improved minimization and remediation
techniques are significant. Pollution minimization
issues are closely linked to other national needs and
concerns, including energy use and industrial
efficiency.

Nuclear waste disposal is a particularly diffi-
cult problem because of the paucity of feasible
storage sites, the long time required for materials to
decay to less hazardous levels, and the potential
danger posed to humans, animals, and the environ-
ment. Today, 110 nuclear power plants generate
about 20 percent of all electricity used in the United
States. Due to problems with safe disposal and
other obstacles, more than 100 additional plants
have been cancelled or permanently deferred. Even
with the cutbacks in nuclear plant construction,
disposal is a long-term problem. For example,
spent fuel from existing plants is expected to reach
44,000 tons by the year 2000, and disposal options
remain severely limited. Storage and disposal of
low-level nuclear waste also pose significant
long-term consequences, since low-level wastes
must decay for many decades before reaching levels
of toxicity that are believed to be nonthreatening to
health or safety.

STATUS AND INTERNATIONAL TRENDS

Environmental problems are now receiving
global attention. Unfortunately, no single technolo-
gy promises to bé a “silver bullet” that will cure all
the nation’s waste treatment and disposal ills. The
development of a broad range of technologies will
be required. This is particularly true of mixed
wastes (e.g., chemical/radioactive wastes), where
the processes used to treat an individual compo-
nent might be useless or even counterproductive if
used on the mixed waste. This creates the need for
hybrid solutions that are tailored to each particular
problem. Another complicating factor in the
assessment of worldwide trends is that different
nations have adopted different philosophies and




strategies for waste management. For example,
incineration is being aggressively pursued by some
nations to solve the problem of urban solid waste
disposal even though it often leads to substantial air
pollution.

Developments in the area of pollution minimi-
zation, remediation, and waste management are
extensive, and new technologies are being brought
on-line incrementally through international re-
search efforts. Many pollution control technologies
are mature and have been in widespread use for
decades. Because of relatively early enactment of
pollution control legislation in the United States,
U.S. industry has been a leader in “first generation”
technologies that relied on chemical processes (e.g.,
water treatment plants and scrubbers). However,
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advanced pollution control technologies could
involve different processes, and much work re-
mains to be done to develop and commercialize
effective and efficient approaches. For example,
significant challenges remain before bioremedi-
ation can be practiced on a wide scale. The first is
identifying the types of microbes that can be
utilized for cleanups, since almost every toxic
substance requires a unique treatment. More than
200 potentially hazardous compounds are con-
tained in PCBs alone; many of these compounds
have been mixed with other chemicals and pollut-
ants in toxic waste sites and must be separated
before treatment can begin. A second challenge is
to develop new bacteria by recombinant methods
or adapt bacterial forms to improve their effective-
ness.
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APPENDIX A
NATIONAL CRITICAL TECHNOLOGIES:
LEGISLATION, PANEL, AND METHODOLOGY

LEGISLATION

The National Critical Technologies Panel was
established by the Fiscal Year 1990 Defense
Authorization Act (PL. 101-189) through an
amendment to the National Science and Technolo-
gy Policy, Organization, and Priorities Act of 1976.
The legislation further mandated preparation and
submission of a biennial report on the nation’s
critical technologies to the President and the
Congress through the year 2000.

The Panel was charged with identifying up to
30 “national critical technologies.” These technolo-
gies were defined as areas of technological develop-
ment which are “essential for the long-term
national security and economic prosperity of the
United States.” Process as well as product technol-
ogies were to be considered.

PANEL

Each Panel is to consist of 13 individuals with
expertise in the fields of science and engineering,
chosen from the Federal government and the
private sector. The Director of the Office of Science

and Technology Policy (OSTP) appoints nine of the
panelists, of whom three must be U.S. government
officials and six must represent private industry or
higher education. The Director appoints as Chair-
man one of the Federal officials serving on the
Panel. In addition to the nine panel members
appointed by the Director of OSTP, the agency
heads of the Department of Defense, Department
of Energy, Department of Commerce, and the
National Aeronautics and Space Administration
each appoint one representative to the Panel.

Panelists appointed by the Director of OSTP
for this initial study were chosen in an effort to
ensure that the Panel would include a balanced set
of members with expertise covering a broad range
of key technological areas as well as possessing a
broad interest in issues of national security and
economic competitiveness. The Federal agency
heads were also encouraged to appoint individuals
with appropriate technical backgrounds whose
government positions provided a policy-level per-
spective on technology issues. Current Panel
members are listed in Table A-1.

Table A-1. National Critical Technologies Panel: 1990-91

William D. Phillips, Chairman

Associate Director for Industrial Technology
Office of Science and Technology Policy
Executive Office of the President

Frederick M. Bernthal
Deputy Director
National Science Foundation

Charles M. Herzfeld
Director of Defense Research and Engineering
U.S. Department of Defense

Ruth L. Kirschstein

Director

National Institute of General Medical Sciences
National Institutes of Health

Robert W. Lucky

Executive Director of Research
Communication Sciences Division
AT&T Bell Laboratories

Richard C. Messinger
Vice President and Chief Technical Officer
Cincinnati Milacron

Alexander Rich
Sedgewick Professor of Biophysics
Massachusetts Institute of Technology

Robert Rosen

Deputy Associate Administrator for
Aeronautics, Exploration and Technology
National Aeronautics and Space Administration
Charles V. Shank

Director

Lawrence Berkeley Laboratory

John C. Tuck

Under Secretary

U.S. Department of Energy

Albert R.C. Westwood

Vice President, Research and Technology
Martin Marietta Corporation

Robert M. White

Under Secretary for Technology

U.S. Department of Commerce

James E. Worsham

Chairman

GPA Asia Pacific

(former President, Douglas Aircraft)
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METHODOLOGY

The Panel began its deliberations by reviewing
recent studies on critical technologies, with particu-
lar emphasis on the criteria and methodologies for
selection of critical technologies. Each of these
studies had a unique focus and contributed useful
input. Briefings were presented by a number of
organizations that have been examining these
issues. The Panel, however, assumed responsibility
for assembling a comprehensive list of National
Critical Technologies. The importance of establish-
ing a careful, step-by-step methodology for selec-
tion of the technologies, which subjected candidate
technologies to screening against a set of approved
evaluation criteria, was recognized.

A taxonomy was developed which placed
technologies within a general hierarchy and high-
lighted interrelationships. The Panel noted that

many of the prior studies listed technologies at
differing levels of taxonomic aggregation and
concluded that it was probably not practical to be
consistent in presenting all critical technologies at
the same level of aggregation. However, in order to
understand and recognize the hierarchical relation-
ships, the taxonomy was developed and refined and
employed as a candidate list from which to make
selections. The Panel then established criteria and
ground rules for selection, shown in Table A-2.
These criteria were intended to highlight the
importance of individual technologies to national
security, the national economy, and to meeting
other national needs. The criteria were employed
as a general framework within which to assess the
“criticality” of candidate technologies. Primary
consideration was given to technologies that could
be incorporated into commercial products/
processes or defense systems within 10 to 15 years.

Table A-2. Criteria For Selection of Critical Technologies

CRITERIA

DESCRIPTION

Industrial Competitiveness

National Defense

Energy Security

National Needs

Quality of Life

Technologies that improve U.S. competitiveness in world markets
through new product introduction and improvements in the cost,
quality, and performance of existing products

Technologies that have an important impact on U.S. national
defense through improvements in performance, cost, reliability,
or producibility of defense systems

Technologies that reduce dependence on foreign sources, lower
energy costs, or improve energy efficiency

Ability to make strong contributions to health, human welfare,
and the environment, both domestically and worldwide

Opportunity to Lead Market

defense

Performance/Quality/Productivity
Improvement

Leverage

Importance/Criticality

Ability to exert and sustain national leadership in a technology
that is of paramount importance to the economy or national

Ability to cause revolutionary or evolutionary improvements over
current products or processes, in turn leading to economic or
national defense benefits

Potential that government R&D investment will stimulate pri-
vate sector investment in commercialization, or likelihood that

success in the technology will stimulate success in other technol-
ogies, products, or markets

Potentially serious damage may be caused if a technology is held
exclusively by other countries, and not the United States

Vulnerability

Technology forms the foundation for many other technologies, or
exhibits strong linkages to many segments of the economy

Enabling/Pervasive

Size of Ultimate Market Ability to exert a major economic impact through the expansion
of existing markets, creation of new industries, generation of

capital, or creation of employment opportunities

Market Size/Diversity
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