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Chapter 1

Introduction and Summary

American society is becoming increasingly
reliant on the use of electronic information
technology, principally computer and commu-
nication systems. Economists and social scien-
tists point out that information is a basic re-
source for society and an important factor of
production for the economy. Information tech-
nology provides business, governments, and
citizens with the basic tools necessary to com-
municate and use information. Furthermore,
the information industry, itself, including both
those that produce electronic hardware and
those that offer information services, is an in-
creasingly important part of U.S. industrial
strength.

Because of this reliance on information tech-
nology, public attention has been drawn to the
process of innovation in that field, developing

new technological products and bringing them
to the marketplace. Since research and devel-
opment (R&D) is generally considered to be a
key element driving innovation (although not
the only one), Congress is concerned with the
general health of R&D in information tech-
nologies. Concerns include the effects that
changes in the structure of the U.S. telecom-
munications industry are having on industrial
R&D, and the implications of new foreign pro-
grams intended to challenge traditional U.S.
market leadership in some areas of computers
and communications. OTA examined these
and related questions at the request of the
House Committee on Science and Technology,
the House Committee on Energy and Com-
merce, and its Subcommittee on Telecommu-
nications, Consumer Protection, and Finance.

Goals for Federal R&D Policy

Currently, public concern with information
technology is focused on its role in promoting
economic competitiveness. However, Federal
interest in promoting R&D and technological
innovation, dating back to the writing of the
Constitution, has always been motivated by
several distinct goals, only one of which has
been economic growth. These goals, which
may for any specific technology or program
either complement or compete with one another,
are applicable to information technology.

. Support National Defense: A modem mil-
itary force is dependent on communica-
tions and computer technologies for many
purposes, including intelligence, missile
guidance, command and control, and
logistics. Projected future applications in-
clude battlefield management, fully auto-
mated weapons, and computer-based arti-
ficial intelligence advisors for pilots. The
military importance of information tech-

nology is demonstrated by the predomi-
nant role the Department of Defense
plays in support of R&D in that field
(nearly 80 percent of direct government
funding in this area is supplied by DOD).

« Provide for Social Needs: Government
has always treated the telecommunica-
tions system as a basic social infrastruc-
ture. One major goal of communication
policymakers is “universal service. ” New
services such as cable television and in-
formation services delivered over telecom-
munication channels can potentially im-
prove the quality of life for American
citizens. For example, OTA, in a recent
report, pointed out the role information
technology could play in improving the
qguality of and access to education and
also stressed the need for additional R&D
focused on educational technology. Another
recent OTA report has described the po-
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tential benefits of information technology
to handicapped individuals.

. Promote Economic Growth: The informa-

tion technology industry (those who make
and sell or provide access to communica-
tions media) and the information indus-
try (those who use the new technologies
to produce and sell new information serv-
ices and products) are a growing part of
the U.S. economy. Their economic impor-
tance is felt both domestically and inter-
nationally. These industries also have an
important indirect effect, in that the tech-
nologies and services they produce con-
tribute materially to the economy in such
forms as productivity growth, better
quality of products, and improved mana-
gerial decisionmaking. The health of the
information industries depends in part on
their ability to bring forth new products
and develop new applications; this ability,
in turn, depends on R&D.
. Advance Basic Understanding of the
World: Research in computer and commu-
nication science has contributed to basic
understanding in fields that transcend
pure information technology. For exam-
ple, research in artificial intelligence has
led to insights into brain functions and
human thinking and problem solving.
Communications researchers have made
a Nobel Prize-winning contribution to our
understanding of the origins of the uni-
verse. The study of computer languages
has both benefited from and contributed
to theories of the evolution and structure
of natural human languages. Similarly, in-
formation technology researchers have
contributed to knowledge in such other
fields as fundamental mathematics, logic,
and the theory of genetic coding.
Moreover, computers have become in-
dispensable research tools in many areas
of science ranging from physics and as-
tronomy to biology and social science.
Some scientists now speak of “computa-
tional research” as a new, wholly different
form as important to the progress of
knowledge as is experimental and theoret-
ical research.

« Enhance National Prestige: The United
States has always been a world leader in
computer and communication technol-
ogies, both in the discovery of new basic
knowledge and in its development into
commercial products. In certain areas of
marketable technology, such as super-
computers (very powerful computers, the
largest and fastest available on the mar-
ket) or communication satellites, U.S.
firms have in the past held an undisputed
technological lead. Although such techno-
logical dominance has nearly disappeared
in most cases and could not have been ex-
pected to continue as other nations devel-
oped research capability and industrial
strength in information technology, pre-
serving U.S. technological competitive-
ness and leadership is still an important
public policy goal with implications that ex-
tend beyond purely economic advantage.

+ Support Civilian Agency Missions: Many
civilian Federal agencies need to use ad-
vanced information systems to perform
their missions more efficiently or effec-
tively. For example, computers and com-
munication systems underlie the space
exploration programs of the National
Aeronautics and Space Administration
(NASA). Weather researchers working for
the National Oceanic and Atmospheric
Administration (NOAA) and fusion re-
searchers for the Department of Energy
need access to the most advanced super-
computers. Although the support of mis-
sion agencies for basic research is limited,
they have funded development and, often,
applied research directed to meeting their
specific needs.

Over the years, these Federal interests have
led to a wide array of policies, programs, and
agencies designed to promote the conduct of
research and development in the United States
and to appropriate its benefits to American
society. Many of them have helped stimulate
the development of computers and communi-
cation technologies.

The principal issue examined in this study is
whether those policies, programs, and agencies
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their particular characteristics, and the rapidly
escalating world competition in producing and
selling products and services based on them.

are now adequate and appropriate for advanc-
ing information technologies in light of the
emerging needs of society for these technologies,

Principal Findings

In summary, OTA's study of information national programs designed to foster in-
technology research and development reached formation technology.

the following conclusions: + In response to these new pressures, indus-
+ Information technology is an area in try support is growing rapidly for short-

which the United States has historically
shown great strength, both in basic sci-
ence and marketed technology; and this
strength has benefited the Nation in sev-
eral ways. It has contributed to the growth
of a strong economic sector, the informa-
tion industry. It has contributed to na-
tional security. It has stimulated the
evolution of basic science.

Most areas of information technology ex-
amined in this study, including microelec-
tronics, fiber optics, artificial intelligence,
computer design, and software engineer-
ing, are still in the early stages as tech-
nologies. Much improvement in techno-
logical capability remains to be developed,
and that improvement will depend on
both fundamental research and techno-
logical development. Hence, R&D will be
an important factor in stimulating contin-
uing innovation.

By most measures, U.S. research and de-
velopment in information technology is
strong and viable; however, those tradi-
tional measures may not be realistic guides
to the future needs of the United States
for R&D in these areas. In particular, in-
creasing competition from foreign nations
(in particular, Japan) as well as the grow-
ing intrinsic importance of information
technology to the United States, suggest
that more attention should be paid by pol-
icymakers to the needs for R&D in infor-
mation technology. Many of these na-
tions, motivated both by economic concerns
and broader social goals, have developed

term applied research and developmental
work, both within industrial labs and
through support of university work. In-
dustry has generally looked, and still
looks, to the academic community to per-
form and the Federal Government to fund
the long-term basic research that will
underlie future technological advances.

Universities, traditionally viewed as
centers for basic research, are reexamin-
ing their roles with respect to applied re-
search and are forming new types of rela-
tionships with industry and government.
State governments, in particular, looking
for stimuli to economic development see
new high-technology industry, including
the information industry, as interested in
being located near strong university basic
research programs. Many states have
formed new organizations within their
universities in order to strengthen research,
focus it toward problems of interest to in-
dustry, and facilitate the transfer of tech-
nology from the research laboratory to in-
dustrial application. With most of these
experiments, it is too early to tell whether
they will be successful in stimulating in-
dustrial development and whether they
will have beneficial or negative effects on
the universities.

The Department of Defense is the pre-
dominant source of Federal support of in-
formation technology research and devel-
opment, providing nearly 80 percent of
the funding. Although some spillover to
the civilian sector from DOD research can
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be expected, its work is predominately
focused on military requirements and can-
not be relied on to provide for all civilian
needs. An important issue for considera-
tion by Congress is whether increased
funding by nondefense agencies of long-
term research in information technology
is needed to focus more work on civilian
needs.

. There is substantial concern that techni-
cal and scientific information flows be-
tween the United States and other coun-
tries are unbalanced outward. Proposals
to redress that balance focus both on in-
creasing access to foreign information and
on restricting outflows of U.S. informa-
tion. Policies that would enhance the ac-
cess of U.S. information scientists to the
work of foreign researchers (through such
vehicles as translation services, travel
grants, and foreign science exchange pro-
grams) would help their own work. Such
programs would also help science policy
experts to evaluate the state of foreign
technology more accurately.

Steps have also been taken to tighten
controls over the export of technical in-
formation on national security grounds.
In considering such controls, Congress
needs to balance national security consid-

erations against both first amendment
rights and the possible negative impacts
on domestic R&D.

¢ Instruments for scientific research are
growing more sophisticated and are be-
coming obsolete at an increasingly rapid
pace. As a result, they are more expensive
and yet must be replaced more frequently
if researchers are to keep at the forefronts
of knowledge. In particular, computer
software researchers need access to so-
phisticated computational facilities and
data communication networks, and those
working on microelectronics need access
to chip processing facilities and computer-
aided-design tools.

e Policies designed to stimulate information
technology R&D need to be evaluated for
possibly significant tradeoffs and exter-
nal costs in other areas. Some costs are
clear. For example, R&D tax incentives
are a short-term loss of Federal revenues.
Policies designed to draw more highly
trained people into information technol-
ogy may create manpower shortages in
other areas of research. Devoting educa-
tional resources to information technol-
ogy education and training draws them
away from other areas of need, at a time
when overall resources are not growing.

The Nature of Information Technology R&D

For purposes of this study, OTA defines the
term “information technology to refer to elec-
tronic hardware that is used to create, com-
municate, store, modify, or display informa-
tion and to programming or “software” that
is developed to control the operation of that
hardware. Modern information technology is
based on the microelectronic chip, the large-
scale integrated circuit that over the last dec-
ade has transformed the computer and com-
munications industries through steady and
rapid increase of performance and decrease in

price. This high rate of technological improve
‘merit in microelectronics will continue into the
1990s and probably beyond. Changes in the
information technology products and services
available in the marketplace will likely be as
revolutionary in the next decade as they have
been over the last one that has seen the ap-
pearance and growth of such technologies as
the personal computer, fiber optics, satellite
communications, the video cassette recorder,
and two-way cable television. Industry will
compete worldwide to bring these new prod-
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ucts and services to use, and an important ele-
ment of that competition will be research and
development.

Information technology has characteristics
that distinguish it from many other areas of
R&D and that affect policies designed to stim-
ulate and direct it.

Software as Technology

“Software,” or programs, are sets of instruc-
tions that direct a computer in its tasks. The
term can also refer to information; for exam-
ple, computer data bases, the information con-
tent transmitted over communication lines, or
that contained on a video disk. Because soft-
ware often can be the most complex part of
an information system, research and develop-
ment on software is considered to be of equal
importance to research on hardware technol-
ogy. Yet, to some people, software does not
“look” like technology. The concepts and tech-
nigues that underlie programs are intangible,
and their embodiment is usually in a form such
as a list of instructions on paper or a sequence

38802 u - 8 - 2

of images on a video screen. Research in infor-
mation technology includes research on both
hardware and software technology, and on the
boundaries between them, for many computa-
tional techniques may appear in either hard-
ware or software.

Software as an area of research presents
Federal R&D support with some unusual prob-
lems. For example, intellectual property as ex-
pressed in software is difficult to protect. It
can also be hard to distinguish between R&D
in computer programming, work which ad-
vances the state of software technology, and
using existing techniques to write new pro-
grams and maintain old ones—a distinction
that drew particular attention in the debate
over R&D tax credits, for example.

Multidisciplinary Nature

R&D in information technology spans a
wide variety of disparate fields of work. For
example:

= Solid-state physicists work to improve the
performance of the semiconductor devices
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that form the heart of modern computer
and communication systems.

+ Mathematicians study abstract theories
of computation, looking for methods of
faster calculations, for ways to write
error-free software, and to transmit the
maximum amount of information reliably
over communication lines.

« Psychologists and brain physiologists
find clues for writing “smarter” programs
that can solve more complex problems.

+ Linguistic theorists contribute to the de-
sign of new languages for programming
computers and build the foundations for
computer programs that can understand
and automatically translate human lan-
guages.

Users of computer systems, ranging from
physical scientists to graphic artists, de-
velop new types of software for their ap-
plications. In this development process,
they make fundamental contributions to
software technology.

Sociologists, psychologists, and the man-
agement scientists search for the most ef-
fective ways to design office automation
and decision support systems. Their re-
search ranges from human factors, which
examines direct human-machine interac-
tion, to investigations of organizational
decisionmaking.

A few computer scientists, sociologists,
historians of science, and experts in other
fields, examine the broader questions of
the interactions of information technol-
ogy with society.

As a result of this breadth of subject area,
relevant Federal programs of R&D support
are distributed among many Government
agencies and among many organizational
parts of those agencies. The National Science
Foundation (NSF), for example, has at least
four divisions, each in a different directorate,
that support research directly related to com-
puters and communications systems. Another
important implication is that manpower pro-
grams must be concerned not just with the
supply of “core” computer scientists and engi-

neers, but with a much broader base of re-
searchers and users in many disciplines.

Close Boundary Between
Theory and Application

Both the rapid pace of commercialization
and the intrinsic nature of the technology re-
sult in a short time lag between basic research
results and commercialization. Because infor-
mation systems are so flexible and because
manufacturers are using powerful new design
tools to create new types of computers, less
time is required to implement a new concept.
It may take only a few months for the results
of a basic research project in pure mathematics
to be realized in a commercial software package.

This close relationship between basic re-
search and commercial application, possibly
most closely paralleled by biotechnology, cre-
ates unusual and difficult issues for institu-
tions, such as universities, that are tradi-
tionally concerned only with basic research
published in the public domain. These issues
include publication policies, intellectual prop-
erty rights, faculty conflicts of interest, com-
petition with the private sector, and research
priorities. Federal agencies that fund basic re-
search, such as NSF, also find themselves deal-
ing with these issues more frequently.

Complexity

Modem computer/communications systems
are among the most complex technologies ever
assembled by human beings. Computers con-
sist of millions of logical subunits. Computer
programs can contain millions of instructions.
These complex machines, running complex
programs, are then interlinked through com-
munications networks. To be able to under-
stand, predict, and control the behavior of
these technologies requires a powerful theory
of complex processes. No such theory yet ex-
ists, although it remains a major goal of com-
puter science.

It is because of this complexity that, even
though computers and communication sys-
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terns are artificial devices—technologies cre-
ated and built by human beings-there is basic
science devoted to understanding their behav-
ior. This science has a strong experimental
component to it. Many computer scientists
and engineers need access to large-scale com-

puters. Writing large, complex programs to do
unusual tasks is a common research method-
ology aimed at understanding basic principals
underlying the structure of problems and
software.

Case Studies

Information technology is a broad subject
area. To better understand and describe R&D
issues, four specific areas of technology were
examined in more detail. These case studies
covered both software and hardware and both
computer and communications technologies.
In addition, all four technologies have raised
policy issues in the last few years.

Advanced Computer Architecture

Although computers have increased in so-
phistication over the years, and individual
models differ from one another in detail, the
higher level logical design, called the “architec-
ture, " of most commercially available com-
puters is based on concepts that date back a
few decades.

New concepts of computer architecture now
being explored in the laboratory will underlie
two types of innovation: 1) the development
of highly specialized, low-cost computer mod-
ules that do specific types of tasks at extreme-
ly high speeds; and 2) the future generations
of supercomputers.

Low-cost specialized computers are designed
to perform specific types of computational
tasks very efficiently. When hardware is ex-
pensive, as computer hardware has been in the
past, users usually try to allocate its cost over
a variety of applications. Hence, the so-called
general-purpose computer, which performs a
wide variety of computations relatively well,
has been and continues to be the mainstay of
the computer industry. However, most types
of computational tasks have unique character-
istics. Since hardware costs have dropped

significantly, new market possibilities have ap-
peared for inexpensive special purpose hard-
ware that takes advantage of these character-
istics. The general purpose computer system
of the future may serve mainly as a routing
switch, sending a computing task to the appro-
priate one of several different specialized proc-
essors attached to it.

Supercomputers, the label given to the most
powerful machines on the market at any time,
have received significant press attention late-
ly. Until recently, U.S. firms have been the
only significant marketers of supercomputers.
However, Japanese firms have now brought
out supercomputers that, by some measures,
seem to perform comparably to U.S. machines.
In addition, Japan has embarked on two ma-
jor supercomputer projects. One is designed
to develop the next generation of high-speed
numerical calculating machines; the other, the
Fifth-Generation Computer Project based on
artificial intelligence theories, is intended to
produce a machine that performs reasoning
functions similar to human thinking processes.

The Federal Government is considering sev-
eral responses to maintain leadership in this
technology. For example, the Defense Ad-
vanced Research Projects Agency (DARPA)
is beginning a “Strategic Computing Pro-
gram” to develop artificial intelligence capa-
bilities for the needs of the Department of De-
fense. The National Science Foundation has
embarked on a program intended both to in-
crease their support of computer architecture
research and to put more supercomputer ca-
pability in the hands of scientific users. Both
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NASA and the Department of Energy have
developed similar plans to increase the ad-
vanced supercomputing capability available
to their researchers.

If they were fully implemented, these Fed-
eral plans would constitute an important re-
sponse to the growing need for access to ad-
vanced computing resources. Over the last
decade, computing resources available to basic
researchers, particularly in universities, have
steadily fallen behind the state of the art. Al-
though the U.S. computer industry has tradi-
tionally led the market in the supercomputer
field, basic researchers in other countries such
as West Germany and Japan may have more

Photo credit: AT&T

A microprocessor on a chip. This chip contains a entire computer, as powerful as some minicomputers

and easier access to supercomputers from the
United States than their counterparts at
American universities.

In addition to providing access to supercom-
puters for agency supported researchers, such
Federal procurements would also stimulate
the market for the next generation machine,
a market that has traditionally been small and,
hence, unattractive to computer manufactur-
ers. As the principal user of them, the Federal
Government has always had a major influence
on the supercomputer market. This Federal
stimulus may be particularly important for ex-
perimental machines that are based on new ar-
chitectural concepts. Markets and applications
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for these machines are particularly unpre-
dictable.

Should Congress decide that additional Fed-
eral emphasis on computer design is in the na-
tional interest, support of basic research should
also be expanded to provide the scientific base
for succeeding generations of advanced ar-
chitecture computers, large and small. Al-
though R&D on the next generation supercom-
puters and other specialized architectures is
underway in a few industrial laboratories,
firms participating in this specialized market
tend to be small. Longer term basic research
is usually left to be performed in academic lab-
oratories and receives little industrial support.
Hence, Federal support of basic research can
have significant effect.

In the past, responding to funding limita-
tions as well as the complexity of implementing
computer hardware in a laboratory, agencies
have usually kept basic research in machine
architecture at the theoretical, or “paper and
pencil” stage. This restriction has not allowed
new concepts to be tested as hardware. To
allow such testing, some of these conceptual
level basic research projects need to be funded
at a level that allows them to be carried to ex-
perimental and even prototype stages. Micro-
electronics allows such hardware experimenta-
tion to be done more easily and cheaply than
in the past, because prototypes can now be
assembled from chips that form large logical
modules containing thousands of functions.

Software has also been and continues to be
a major problem area. Taking full advantage
of a supercomputer’s speed and power requires
the design of specialized programs. Signifi-
cantly more research needs to be done on
numerical computational techniques and pro-
gramming theory for new computer archi-
tectures.

Software Engineering

The computer industry has transformed
over the few decades of its existence from be-
ing hardware dominant to being software dom-
inant. In the early years, hardware was the
most expensive component of a computer sys-

tem. Software was often given away free by
computer manufacturers, and the costs of de-
veloping custom programs were much less
than the costs of purchasing and maintaining
the machines. The situation is now reversed.
In most cases, costs of developing and main-
taining software are now the dominant costs
of creating and operating large computer ap-
plications. Although developments in micro-
electronics have steadily and rapidly reduced
the cost and increased the performance of com-
puter hardware, improvements in the produc-
tivity of programmers has come much more
slowly.

Since the limits of cost, reliability, and time
required to create new applications are increas-
ingly dictated by software instead of hardware
considerations, research directed toward im-
proving the productivity of programmers and
designers will have high leverage. “Software
engineering” is the term used to describe this
area of research.

Research in software engineering ranges
widely in content and approach. At one ex-
treme is highly theoretical work directed at de
veloping a fundamental understanding of the
nature of programs and “proving” in some
mathematical sense that they act as intended.
At the other end of the spectrum are behavior-
al and management scientists concerned with
understanding how people interact with com-
puter systems and how to manage program-
ming projects. Not all research related to
understanding programming and program
behavior is called “software engineering”;
many fields of computer science and engineer-
ing contribute.

The Department of Defense, faced with an
annual software expense estimated at $4-$8
billion, supports a large effort in software engi-
neering. DOD has funded the design of a new
programming language, ADA, and a “pro-
gramming environment” called STARS that
provides a set of automated tools for use by
the program designer. These tools are intended
to be standards, required to be used in the de-
velopment of DOD software.

Because the economic stakes are so high, re-
searchers at industry centers such as the Bell
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Laboratories and IBM’'s T. J. Watson Re-
search Laboratories have also been active in
software engineering research. University re-
searchers in software engineering, supported
by Federal agencies, have concentrated on un-
derstanding better the theoretical underpin-
nings of computer programs.

Other countries have also recognized the im-
portance of software engineering. It has been
made an explicit part of the British informa-
tion technology research program. The Japa-
nese, realizing that software has been a major
weakness in their attempts to be competitive
in the worldwide computer market, are experi-
menting with what they call “software fac-
tories. ” The French have always had strength
in the area of programming, particularly the
theory of programming languages. The De-
partment of Defense language, ADA, was de-
veloped in a French laboratory.

Although the potential benefits to the Na-
tion of advances in software engineering are
high, the implications for Federal support are
less clear. Some experts arguing that lack of
fundamental research is not the key bottle-
neck, point to the failure of designers to apply
existing basic theories and research method-
ologies to the development of large-scale sys-
tems. To do so would require closer industry-
university researcher interaction and might be
helped by the establishment of some large lab-
oratory facilities to study design problems on
a realistic scale.

Other experts, pointing out that we still lack
the fundamental theoretical breakthrough nec-
essary to develop a true discipline of software
engineering, argue that the problems will per-
sist until such a theory is established. Ex-
panded long-term Federal support of a broad
range of fundamental research on software is
necessary to develop a sound theoretical basis
to programming.

Fiber Optics

The last decade has seen the rapid develop-
ment of a new communications medium, infor-
mation transmitted by pulses of laser light
through thin glass fibers. These optical fibers

can transmit far more information than can
copper wires or coaxial cables of the same size.
Since information is transmitted as light, fi-
ber optics are resistant to both electrical in-
terference and eavesdropping. The potential
capacity and economy of optical fiber is such
that it not only will help keep communications
costs down, but, over the long term, it will re-
lieve the growing congestion of the radio spec-
trum and may ease some of the demands for
satellite communications.

Optical fiber is already used for communi-
cation lines between some major cities in the
United States, and a transatlantic cable using
optical transmission will be laid in the late
1980s. By the end of the 1980s optical fiber
will be used heavily in nearly every stage of
the telecommunication systems, from local in-
traoffice networks to long-distance lines.

Although European firms are also develop-
ing capability in fiber optics, the principal
foreign competition has been from the Japa-
nese, whose technology is roughly at a par
with that available from U.S. firms. Since a
large world market for fiber optical hardware
is growing, innovation in this technology is
critical to U.S. competitiveness in telecom-
munications.

The technology of the fibers, themselves, is
still advancing rapidly along three general
lines: 1) techniques to increase the information
capacity of the fibers; 2) improvements to the
transparency of the glass, which allow longer
distances between “repeaters,” devices that
detect the signals and retransmit them on
down the line; and 3) improved process tech-
nologies for manufacturing fibers. Hence, even
though fiber optics is now in the commercial
marketplace, the need for basic research con-
tinues and the current state-of-the-art is a long
way from any fundamental limits to this tech-
nology.

Applied research and development on fiber
optics, because it is expensive and capital-
intensive, is concentrated in a few large lab-
oratories; and, since the economic reward for
technological advance is clear, it is done pri-
marily by industry. However, long-term devel-
opment of fiber optics will depend on funda-
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Telephone lines circa 1887. Fiber optics is only the

most recent of many technological developments that

have increased the capacity and shrunk the physical
size of communication lines

mental research in materials and solid-state
electronics. Increased Federal funding of re-
search in universities would achieve the dual
objectives of stimulating fundamental research
and training people at the Ph.D. level in fiber
optics technology. A current lack of trained
research personnel has been pointed out to be
a handicap to progress in this field.

Artificial Intelligence

“Artificial Intelligence (Al)” is a term that
has historically been applied to a wide vari-
ety of research areas that, roughly speaking,
are concerned with extending the ability of the
computer to do tasks that resemble those per-
formed by human beings. These capabilities

include the ability to recognize and translate
human speech, to prove the truth of mathe-
matical statements, and to win at chess.

For two reasons public attention has re-
cently focused on an area of Al called expert
systems. First, expert systems are seen to be
the first significant commercialization of 25
years of research in artificial intelligence; and,
secondly, they form the basis of the Japanese
Fifth Generation Computer Project.

An expert system is an “intelligent” com-
puter information retrieval system designed
for use in a specific decisionmaking task, say
medical diagnosis. It stores not only data,
itself, but the rules of inference that describe
how an expert uses the data to make decisions.
By asking questions and suggesting courses
of action, the expert system interacts with a
decisionmaker to help solve a problem. Al re-
searchers now understand this process well
enough to be able to build profitable commer-
cial systems for applications in very narrow
areas of specialization, for example, advising
on repair of telephone cable or diagnosing
pulmonary disease.

Although few computer scientists doubt
that sometime in the next century, people will
interact with computers differently than they
do now and that computers will show behavior
that we would now call “intelligent,” they dif-
fer over the nearer term significance of expert
systems. Some maintain that expert systems
represent an interesting and profitable, yet
small, application area. In their view, Al con-
tinues to move slowly and is a long way from
realizing the potential predicted for it. Others
argue that expert systems are a model of how
most computing will be done within a decade;
and, hence, that future U.S. leadership in com-
puter science will depend on an aggressive pro-
gram of research in this field.

The Department of Defense has always been
a dominant supporter of Al research, includ-
ing work on expert systems. It has funded this
work by establishing and funding large-scale
laboratories at a few academic and nonprofit
research centers. Civilian support is limited.



74 .« Iformation Technology R&D: Critical Trends and issues

NSF has steadily supported basic research in
Al, but has done so at a relatively low fund-
ing level, and NASA has funded work support-
ing applications to autonomous spacecraft.
DOD experience suggests that Al research is
best performed in large laboratories with ac-
cess to largc-scale computing facilities and col-
lections of specialized software. Some areas of
research will begin to require access to special-
ized hardware and the facilities to design and
build new systems.

This field in particular is experiencing an
acute faculty shortage. The new commercial
excitement in A/l comes after a long period
of relative disinterest by funding agencies. As
a result, there are few researchers and research

centers working in the field, and competition
for limited human resources is sharp. In par-
ticular, experienced faculty are being drawn
off campus just as demand for newly trained
graduates is growing rapidly.

The increased public attention and excite-
ment about the promise of Al holds some
dangers to the field. If Federal and private
support is contingent on high expectations for
significant short-term advances, failure to
meet those expectations could result in an
abrupt withdrawal of funding. Yet Al is a very
difficult field of research, just in its infancy.
Much basic science remains to be learned in
Al, and steady long-term support is required
for that learning.

Issues and Strategies

The level and nature of R&Din all fields, in-
cluding information technology, is influenced
by many social, economic, and political factors
beyond those specifically related to science
and technology. For example, the overall cost
of capital and the general health of the na-
tional economy will affect management’s abil-
ity and incentives to invest in R&D. Trade and
export policies that affect the access of domes-
tic firms to foreign markets or vice versa will
influence the willingness of U.S. firms to in-
vest in innovation.

Some observers have suggested that senior
corporate managers in many firms have down-
played investment in R&D, which promises
risky and long-term payoffs, in favor of short-
term gains. According to this view, although
these managers may have been reacting ra-
tionally in terms of immediate economic incen-
tives and the desires of stockholders, the re-
sult of their decisions has been a low rate of
innovation and a long-term loss of competi-
tiveness.

Although these broad factors set an over-
all environment for R&D decisions, Congress
also deals with several specific policy issues
that directly relate to science and technology.
In this study, OTA concentrated on those di-

rect issues, particularly as they relate to in-
formation technology.

Impacts of Telecommunications
Deregulation

During the last few years, the fundamental
structure of the telecommunications industry
has changed. AT&T has been subdivided into
several smaller (although still very large) in-
dependent firms. Many telecommunication
products and services traditionally provided
by regulated monopolies are now provided
through a competitive marketplace. Improved
innovation and international competitiveness
in the telecommunications industry is one of
the benefits intended by proponents of deregu-
lation, and OTA expects such increased inno-
vation will occur over the next decade. The
open question is whether that burst of innova-
tion will be at the expense of basic research
that would lay the foundation for future inno-
vation.

However, although technological develop-
ment should increase, many science policy ex-
perts have worried about the impact of deregu-
lation on basic research. In particular, they
view Bell Laboratories as a national scientific
resource and have expressed concern that a
new, competitive AT&T will have decreased
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commitment to the basic research that has
traditionally marked at least part of the Lab-
oratories’ activities.

OTA found that, although laboratory man-
agement will be admittedly more interested in
the contribution of research programs to
AT&T business, short-term effects on basic re-
search will likely be small. In the first place,
most large firms in historically competitive
information technology areas, such as comput-
ers, have a history of supporting long-term
research. Furthermore, AT&T senior manage-
ment has a strong appreciation for the contri-
bution that research at the Laboratories has
made to the growth of the telephone system.
They are unlikely to make a sudden shift in
policy in the foreseeable future. Finally, most
of the areas in which AT&T Bell Laboratories
has particular scientific strength are those
that, although fundamental, are clearly related
to information technology-e. g., solid-state
physics and computer science. Since the line
between basic and applied research in these
fields tends to be particularly hazy, fundamen-
tal work is likely to continue to be supported
even were management to adopt a short time
horizon for results.

Long-term prospects for basic research at.
AT&T Bell Laboratories will depend, in part,
on AT&T’s success as a competitor in the com-
puter and telecommunications industry. This
long-term success will depend on many factors
including the regulatory environment, the eco-
nomic climate, the skill of AT&T management
in operating under new rules, and the con-
tributions made by the Laboratories to in-
novation.

The divestiture has also introduced a new
and potentially important organization, Bell
Communication Research (Bellcore), to the in-
formation technology R&D arena. Bellcore
serves the seven Bell operating companies,
which hold it jointly. It commands the re-
sources of a significant number of researchers
from the pre-divestiture Bell Laboratories.
Bellcore’s relationships with the operating
companies and its research activities are in the
genesis stage at present; thus, some time will
be required to determine its overall contribu-
tion to the national R&D effort.

At the same time, the former Bell Labora-
tories was a major performer of information
technology research in the United States, and
the divestiture in the telecommunications in-
dustry is a structural and regulatory change
unprecedented in scale. The impact of this
change on industrywide research including
that done at AT&T Bell Laboratories and Bell-
core should be closely monitored by Congress.

Scientific and Technological Manpower

The Federal Government has historically
assumed a role in stimulating the production
of technical manpower in areas of national in-
terest. Policy has focused on increasing both
the quantity and quality of technical gradu-
ates, but it has also played an important role
in equity. Federal scholarship and fellowship
programs are vital mechanisms to eliminate
financial barriers to entry into technological
careers.

Information technology is a fast-growing
field of national importance, and Federal pol-
icies for developing R&D manpower in infor-
mation technology may be deemed warranted
by Congress. However, those policies should
be broadly focused rather than aimed at nar-
row fields of specialization, and they should
be consistent and steady over the long term.

Any policy designed to increase technical
manpower will not take full effect for several
years. The delays are inherent in the educa-
tion system. They represent both the time it
takes educational institutions to respond by
developing new instructional programs and
hiring staff, and the time it takes for a stu-
dent to pass through the system. Hence, these
policies should be directed, not to short-term,
but to long-term needs. If addressed to cur-
rent shortages, Federal programs run the risk
of overproduction by the time they take effect,
for needs may have changed or labor market
forces such as high wages may have already
encouraged adequate new entrants in the field.

Detailed long-term needs for technical man-
power are hard to assess in a field changing
as rapidly as information technology. Hence,
projections of future requirements differ sig-
nificantly from one to another. They do not
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account well for the appearance of new fields
of specialization, such as the recent emerging
area of fiber optics, nor the sudden growth in
importance of older fields of research such as
artificial intelligence. Thus, policies that deal
broadly with science and engineering manpow-
er in all fields are most likely to be successful.

OTA found that, although some shortages
exist in specific fields, the long-term outlook
is promising. Enrollments at university pro-
grams, both at the undergraduate and gradu-
ate level have been increasing rapidly, and
educators from some institutions have ex-
pressed concern that in a few years there may
be an overabundance of computer scientists
and engineers, at least at the bachelor's degree
level. Similarly, as competition for admission
to undergraduate and graduate programs grows,
so should the quality of the graduates.

Science education policy also addresses
equity issues. Undergraduate and graduate
technological education is increasingly expen-
sive. Access barriers to high-paying careers in
information technology could become formi-
dable for some parts of society, due both to
cost and poor preparation at the precollege
level. To help offset these barriers, Federal pol-
icy may need to address scholarships, fellow-
ships, traineeships, and other forms of direct
assistance to students, as well as the improve-
ment of precollege science education.

Changing Roles of Universities

The United States has traditionally looked
to its university system whenever national
needs called for improved technological inno-
vation and the development of new expertise.
This dependence on the education system,
probably unparalleled in the world, has often
resulted in experiments in institutional struc-
tures associated with higher education. The
Morrow Act established the land grant col-
leges to develop a scientific basis for agricul-
ture and to train farmers in modern tech-
niques. During World War Il and after, major
federally funded research laboratories were es-
tablished in association with universities. Ex-
amples include the Lincoln laboratories at the
Massachusetts Institute of Technology, the

Lawrence Radiation Laboratory at the Univer-
sity of California, Berkeley, and the Jet Pro-
pulsion Laboratory at the California Institute
of Technology.

Once again, in response to some of the con-
cerns raised earlier in this chapter, many
universities are experimenting with new struc-
tures designed with the dual objectives of im-
proving the quality of technical education on
campus and improving the flow of research
results into industrial innovation. In contrast
to many past experiments, these new struc-
tures are, by and large, not in response to Fed-
eral programs. Rather, many of them respond
to initiatives both from industry looking for
closer ties with academic programs and from
States who see strong academic technical pro-
grams as attracting high-technology industry
and, thus, serving as stimuli for economic de-
velopment.

Some potential issues have arisen, but to
date problems appear to have been or are be-
ing resolved to mutual satisfaction by nego-
tiation between the academic institutions and
the industrial sponsors. They include the fol-
lowing:

. How intellectual property rights are dis-
tributed among researchers, their institu-
tions, and the industrial sponsors.

.When and under what circumstances re-
search results may be published.

.Who establishes research priorities and
standards of scientific quality.

Over the longer term, other issues will also
become important, such as the overall influ-
ence on the directions of academic basic re-
search. Another long term concern is the po-
tential imbalance of campus resources and
attention between science and technology on
the one hand and other important scholarly
fields such as foreign studies, social science,
the arts, or the humanities.

Another question of equity concerns the bal-
ance between institutions, themselves. In the
first place, are these programs “zero-sum
games” in which the gains of a few institutions
are mainly at the expense of all the others?
Secondly, although the top research institu-
tions have been able to negotiate arrange-



18 . Information Technology R&D: Critical Trends and Issues

ments that, in their view, do not threaten their
other academic roles, less influential schools
will have far less bargaining power.

Since many of these institutional experi-
ments are new, it is too early to tell whether
they will be successful in meeting their spon-
sor’s expectations or whether the negotiated
solutions to the major issues will work. How-
ever, it is important that Federal science agen-
cies watch these developments carefully for
two reasons:

Many of these new research institutions
will be performers of federally funded re-
search or will be cosponsors of federally
funded research.

Many of the issues under negotiation be-
tween universities and industry, such as
ownership of intellectual property rights
and restrictions on publication are cur-
rently echoed as problems in government/
university relationships.

Foreign Programs

Programs in other countries designed to pro-
mote innovation in information technology
have received attention in the United States.
These programs have raised both concern
about increased competition in technologies
in which the United States has traditionally
been a world leader, and they have provided
models to those who suggest that the United
States also needs to develop more coherent
programs to foster innovation by domestic in-
dustries. Some examples of such programs are
the following:

« The Japanese Fifth Generation Computer
Project is an attempt to move beyond cur-
rent concepts of computer design to devel-
op an entirely different type of machine
based on artificial intelligence concepts.
The French La Filiere Electronique Pro-
gram is a five-year national information
technology R&D program with long-term
goals of strengthening the French elec-

tronics industry and developing technol-
ogy for social applications.

ESPRIT, is a pan-European program in-
tended to draw together the technical
resources of Europe to focus on R&D in
information technology.

- The British Alvey program, constituted
in part as a British response to the Japa-
nese Fifth Generation Computer Project,
is a program of government support for
research and development in semiconduc-
tors and computer software.

Regardless of assessments of the specific
prospects for any one program or its implica-
tions for U.S. policy, they demonstrate in total
the new competitive world that is developing
in information technology. No longer can the
United States expect to maintain unques-
tioned technological leadership and unchal-
lenged domination of world markets in infor-
mation technology. Other nations now see it
in their own interests to build scientific and
industrial strength in these areas and are tak-
ing steps to do so. U.S. science and technol-
ogy policy will need to adapt to take this new
reality into account.

However, the foreign programs being estab-
lished do not necessarily constitute useful
models for U.S. policies, for several reasons.
In the first place, many of them are too new
to determine success. Secondly, each is tai-
lored to the unique patterns of government/in-
dustry/academic relationships as they exist in
country of origin and may not be workable in
the country. Finally, many of these programs
are designed to address particular bottlenecks
to innovation that may exist in the specific
country. U.S. science and technology has a dif-
ferent balance of strengths and weaknesses.
For example, some countries have a lack of
venture capital, others a shortage of scientific
manpower, and still others have strong cultur-
al barriers between business and academic in-
stitutions that impede technology transfer.

Information technology R&D is, in many re-
spects, an international activity. For example,
some domestic firms are owned or partially
owned by foreign firms (and vice versa). Many
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large computer and communications compa-
nies are multinationals that operate labora-
tories in several nations; and many companies
have agreements to exchange and cross-license
technology with foreign counterparts. Scien-
tists have always viewed basic research as an
international activity. Thus, international con-
ferences, scientific journals, and exchange of
researchers are common.

Programs designed to strengthen and pro-
tect technology as a purely domestic resource
need to balance this goal against the natural
limitations posed by this international char-
acter. For example, the managers of ESPRIT,
a program designed to stimulate European
technology, must decide whether and on what
basis to admit or deny the participation of
multinationals based, at least partly, outside
of Europe. Companies concerned about what
they may view as stringent controls over tech-
nology in one country can simply move their
R&D efforts to their laboratories in other
countries.

Science Policy

Federal programs designed to stimulate in-
formation technology R&D exist in the much
broader context of Federal science and tech-
nology policy.

Congress needs to ask whether existing
science and technology policy serves the needs
of information technology R&D both in terms
of its unique characteristics and the potential
importance of the technology to the nation.
Similarly, it is important to ask whether pol-
icies designed specifically to support informa-
tion technology R&D are consonant with the
broader scope of science and technology policy.

OTA identified three major sets of policy
issues that, although applicable to a broad
range of science and technology, seem particu-
larly important in the context of information
technology.

Institutional Focus.—The Federal Govern-
ment has traditionally and purposefully sup-
ported research and development through

several programs administered by different
agencies. Despite occasional calls for centraliz-
ing R&D support within a single science and
technology agency, this historical approach
was accepted for two basic reasons. In the first
place, agencies with specific technological
needs were considered to be best suited to sup-
port R&D focused on their needs. Secondly,
multiple sources have been considered healthy
for the support of science, since diversity and
redundancy are both important attributes of
scientific research.

The issue of government organization is be-
ing reexamined, in the case of information
technology. Arguments in favor of a more cen-
tralized and/or coordinated approach are based
both on the changing nature of R&D and on
the challenges posed by new foreign programs
stressing R&D in fields such as microelectron-
ics, computer systems, and communications
technology.

Research is becoming increasingly expen-
sive. Research equipment such as a microelec-
tronic fabrication facility or a supercomputer
can cost several million dollars in capital costs,
plus several hundred thousands of dollars a
year to maintain and operate. Salaries of
research-level technologists are escalating, and
much research in information technology now
requires large teams of different specialists
and technicians. This cost and complexity of
R&D not only may make redundancy and du-
plication of effort a luxury, but may even make
some types of research impossible to initiate
without coordination of Federal programs.

Some foreign research programs targeted at
specific technologies have claimed successes
in the sense of capturing a world market-the
most notable being the Japanese program for
the so-called “64k” computer memory chip for
computers that stores about 64,000 characters
of information on a microchip. While Japanese
success in this market may be attributed to
many factors, the existence of a specific gov-
ernment program may have been a major in-
fluence. Seeing such programs targeted at
selected technologies in Japan and Europe has
led some experts to call for the United States
to respond with a similar approach to domes-
tic R&D.
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A communication satellite being launched from a

space shuttle. Satellite communication technology

was stimulated by both Federal military and civilian
R&D programs

Such programs, if initiated, would not likely
be restricted to information technology alone,
but would be focused on a wide range of tech-
nologies deemed critical. It would be a signif-
icant departure from the past approach that
featured multiple government programs of
support for basic research, agency-by-agency
support of applied research based on mission
needs, and, with a few exceptions, private sec-
tor support for innovation and product devel-
opment.

Military and Domestic R&D.—Military
funding tends to dominate the Federal R&D
budget, particularly in the case of information
technology. Such a high level of DOD involve-
ment is not surprising considering the impor-
tance of information technology to its mission.
The policy issue is whether the high level of
defense support provides adequate underpin-
nings for the broad development of civilian
technology or whether a case exists for strong
civilian agency support of R&D.

There is no doubt that past DOD and De-
partment of Energy support of R&D in such
areas as microelectronics and computer design
has been a spur to the entire information tech-
nology industry. However, there is evidence
that, as the technology becomes more mature,
military requirements have begun to diverge
from civilian interests. For example, in the
area of supercomputers and very high speed
integrated circuits, there is a significant doubt
that the DOD Strategic Computing and very
high speed integrated circuit programs, al-
though responsive to DOD needs, will also
serve civilian needs. Hence, there may be a
need to boost civilian support in information
R&D.

Influence of International Competitive-
ness.—The growing concern over economic
issues, in particular, international competitive
ness has led to issues in which attempts to
treat technology as a national resource that
can be held and protected conflict with tradi-
tional approaches to science policy.

For example, concern about the interna-
tional flow of scientific and technical informa-
tion conflict with the historical science policy
goal of establishing international cooperation
in science and technology. Open publication
of some scientific material has been challenged
on the grounds that the information should be
restricted to the United States. Some have
suggested that the practice of admitting
foreign science students, who comprise a sig-
nificant percentage of degree candidates in
information technology, conflicts with U.S.
economic interests. Restrictions have been im-
posed on foreign scholars attempting to attend
U.S. conferences and seminars.

Other policies assume that the United States
does not need to draw on foreign science.
Hence, research project support typically
gives little attention to the potential benefits
of travel by U.S. scientists to foreign research
laboratories and conferences. Unlike the prac-
tices of other countries, little support is pro-
vided to provide translations and analyses of
foreign research papers and monographs. Yet
U.S. scientists, in general, do not have facil-
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ity in some of the significant scientific lan-
guages of today, particularly Japanese. Due
to the weakening of foreign language require-
ments in some graduate programs, many U.S.

information scientists do not even have facil-
ity with traditional scientific languages like
French and German.

Summary

During the past decade, information tech-
nology has grown to major economic and so-
cial importance in the United States and
abroad. The desire to maintain a competitive
posture in worldwide markets as well as the
urge to realize potential social benefits of new
computer and communications systems has fo-
cused public attention on the process of inno-
vation, in particular, on R&D. OTA has found
that, in response to these pressures, the sys-
tem has been remarkably adaptable. Federal
programs are changing rapidly in response to
new perceived needs; science and engineering
enrollments are increasing in response to an
anticipated need for more technological man-
power; and universities and industry are
changing their traditional patterns of research
and relationships. The policy problem will be

to monitor and manage this change. In par-
ticular, Congress will need to:

determine and maintain an appropriate
level and balance of R&D support for in-
formation technology (including research
on the social impacts of these tech-
nologies),

remove unintended barriers to govern-
ment and private sector R&D efforts,
assure that these changes in the R&D sys-
tem do not have unintentional side effects
on other sectors or goals of the U.S. sys-
tem of science and technology, and
assure access by researchers in all disci-
plines to powerful new computational and
data communication technologies.



