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1. PROGRESSIVE CONVERGENCE
William Sims Bainbridge and Mihail C. Roco, National Science F oundation'

Abstract: This introductory chapter briefly defines the “NBIC” unification
that is rapidly taking place today among Nanotechnology, Biotechnology,
Information technology, and Cognitive science. It then describes how the
other chapters address the potential impacts of converging technologies,
considers how innovation can be stimulated and steered, and provides a basis
for an understanding of the societal implications of NBIC.

Introduction

At this point in history, tremendous human progress becomes possible
through converging technologies stimulated by advances in four core fields:
Nanotechnology, Biotechnology Information technology, and new
technologies based in Cognitive science (NBIC). Many individual authors
had noticed the gathering convergence of technical disciplines, and
sociobiologist E. O. Wilson wrote an especially influential 1998 book on the
emerging harmony among the sciences. However, convergence became
especially visible, and scholarship about its causes and consequences became
very active, through a major 2001 conference, sponsored by the U.S.
National Science Foundation and Department of Commerce, that resulted in a
substantial book (Roco and Bainbridge, 2003). The intellectual basis of
convergence was strengthened by three further annual conferences held in
Los Angeles in 2003, New York City in 2004, and near Kona, Hawaii, in
2005. The Los Angeles meeting resulted in a second book (Roco and
Montemagno, 2004), and this third volume is an outgrowth of the New York
conference. The question raised at the first conference — “if visionary
activities related to NBIC would have impact?” — has been replaced in the
following meetings with “how and when?” — aiming at anticipatory measures
for taking advantage better, sooner and in a responsible way for society.

The effort springs from an ongoing attempt to understand the societal
implications of nanoscience and nanotechnology, which was energized by a
2000 conference organized by the National Science Foundation at the request
of the National Science and Technology Council (NSTC), Subcommittee on
Nanoscale Science, Engineering, and Technology (NSET), and the resultant
book (Roco and Bainbridge, 2001). Subsequently, a number of workshops
and publications have achieved progress in this area (Roco, 2002, 2004,
2005; Roco and Bainbridge, 2002, 2005; Bainbridge, 2003, 2004; Miller,

' Any opinions, findings, and conclusions or recommendations expressed here are
those of the authors and do not necessarily reflect the views of NSF.

1
W.S. Bainbridge and M.C. Roco, (eds.) Managing Nano-Bio-Info-Cogno Innovations:
Converging Technologies in Society, 1-7.
© 2006 Springer. Printed in the Netherlands.



2 1. Progressive Convergence

2003; Nordmann, 2004; Radnor and Strauss, 2004). NBIC convergence is
much more than merely an adjunct of the nano revolution in science and
engineering, but it draws great strength from the concurrent and synergistic
breakthroughs achieved in the four domains of NBIC in recent years.

Nano-Bio-Info-Cogno Unification

Technological convergence is progressive in two important senses of the
term. First, the NBIC fields are in fact progressively merging, step by step,
and apparently at an accelerating rate. Second, the unification of the great
realms of technology will promote human progress, if they are applied
creatively to problems of great human need. Indeed, unless convergence
takes place, in both the technical and social realms, it is hard to see how
humanity can avoid conflicts, such as those that marred the 20th century,
caused by limited resources for available technology and social differences
within each county and globally. Only by moving to a higher technological
level will it be possible for all of the peoples of the world to achieve
prosperity together without depleting essential natural resources to the point
at which the future of civilization itself is in doubt.

The great convergence that is taking place today should not be mistaken
for the mundane growth of interdisciplinary or multidisciplinary fields. For
many decades, small-scale convergence has taken place in areas such as
astrophysics, biochemistry, and social psychology. However significant these
local convergences have seemed for the scientists involved in them, they pale
in comparison with the global convergence that is posed to occur in the
coming decades. It will constitute a major phase change in the nature of
science and technology, with the greatest possible implications for the
economy, society, and culture.

NBIC convergence requires, and is made possible by, the radically new
capabilities to understand and to manipulate matter that are associated with
nanoscience and nanotechnology. The integration of technology will be
based on the unity of nature at the nanoscale, as well as an information
system that would cross disciplines and fields of relevance. Conventionally
defined as the size range from 1 to 100 nanometers — from 1/1,000,000 to
1/10,000 of the thickness of an American dime — the nanoscale is where
complex molecules form, where the building blocks of living cells are
structured, and where the smallest components of computer memories and
processors are engineered. Remarkably, many of the key structures of the
vast human nervous system exist at the nanoscale, such as the vesicles that
store neurotransmitters, the gap between neurons across which those
neurotransmitters flow, and the pigment molecules in the eye that make
vision possible. Recent advances in nanoscience and nanotechnology enable
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a rapid convergence of other sciences and technologies for the first time in
human history.

Many of the most powerful developments in biotechnology and
biomedicine are taking place at the nanoscale. This is true not merely in
genetic engineering (with DNA molecules about 3 nanometers in width),
imaging (with quantum dots of few nanometers), targeted drugs (with
nanoparticles as carriers), and biocompatible prosthesis (with molecules “by
design”) — but also in those many branches of biotechnology where improved
understanding of the processes that give life to cells would be advantageous.
Thus, much biotechnology today — and increasingly more in the future — is a
variant of nanotechnology. Beginning students of chemistry are often
perplexed when they learn that organic chemistry does not necessarily
depend upon biology, because the term refers to a broad class of complex
molecules that need not have been produced by living organisms. Synthetic
biology and engineering of nanobiosystems are recently introduced terms.
Because both nanotechnology and biotechnology often deal with complex
molecules, tools and concepts developed in one can be applied in the other,
facilitating convergence.

Modern information technology is based on microelectronics, which is
rapidly evolving into nanoelectronics. As a first step, computer chips are
manufactured by processes such as photolithography that deposit many thin
layers of substances on the chip, then etch away unneeded areas. The layers
on the chips, as well as the layers on magnetic disks that store data, have
become nanoscale thin, and this very thinness gives them unique electric
properties. The current advances on nanolayers with special insulation or
conducting properties will evolve to three-dimensional nanostructures and
devices and may lead to replacing the information carrier from electron
charge to new carriers such as electron spin, photon, or quantum state.
Recently, the width of the transistors on a chip has also moved into the
nanoscale, with some being only 50 nanometers wide. Currently, researchers
are exploring a number of avenues for achieving molecular computing — such
as building transistors out of carbon nanotubes — that could form the basis of
a new generation of computing, achieving much greater information densities
and processing speeds with significantly reduced power requirements. At the
same time, progress in nanotechnology and biotechnology is dependent upon
constantly improved sensing instrumentation and information processing
capabilities. Furthermore, hierarchical system approaches with emerging
behavior originating from the nanoscale will require new simulation
capabilities, and large databases and computers will allow quantitative
evaluation of interdependent technological, economic, and social phenomena.

Of the four NBIC fields, cognitive science is the least mature, but for this
very reason, it holds very great promise. This is a multidisciplinary
convergence of cognitive and perceptual psychology, linguistics, cultural
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anthropology, neuroscience, and artificial intelligence aspects of computer
science. The incomplete nature of this local convergence is suggested by
the fact that to date sociology and political science have not participated
significantly in the development of cognitive science, even though many
sociologists and political scientists study the formation and transmission of
knowledge, belief, and opinion. Although parallel work is being done in
economics, much is only loosely connected to cognitive science. Clearly,
neuroscience and artificial intelligence tie cognitive science to biology and to
information science, but links to nanoscience are also visible on the horizon,
both through the emerging understanding of the functions of neurons on the
nanoscale and through new nano-enabled research methodologies for
studying the brain and human-tool/machine interaction.

As cognitive science matures, it not only gains more and more
opportunities for convergence with other sciences but also becomes a solid
basis for a range of innovative new technologies advancing individual and
group creativity. Human intellectual and social performance will be greatly
enhanced by nano-enabled, portable information systems and communication
devices, by biotechnology treatments for disorders of the mind or memory,
and by increased understanding of how the human brain and senses actually
function.

All branches of science and technology may be converging, but NBIC
convergence is especially influential. These are major domains, each with
huge power to transform human life. Nanotechnology and information
technology are enablers, as well as creative fields in their own right, giving
other branches of science and technology new powers. Biotechnology and
cognitive science directly concern the human body and mind and have the
greatest possible implications for human physical and mental health.

Exploring NBIC Innovations

The individual chapters in this book, supplemented by the three
appendices, sketch many of the potential impacts of converging technologies,
consider how innovation can be stimulated and steered, and provide a basis
for an understanding of the societal implications.

Guidance for planning the future is provided in the next four chapters by
Mihail C. Roco, Richard E. Albright, James Canton, and Evan S. Michelson.
Roco focuses on policies for research and development investment that will
drive technological progress in a manner that maximizes human benefit, and
on the need for new business models. His chapter provides a practical guide
for achieving the idealistic goal of bettering the conditions of human life.
Albright offers a specific conceptual tool for planning and anticipating the
future, in the form of roadmaps that articulate strategic definition, research
direction, technology, and an investment or action plan. Canton argues that
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NBIC convergence is integral to an economy based on innovation, and the
basis for future energy resources, health care, and the quality of life. With an
eye to policy implications, Michelson shows how NBIC convergence can be
measured in terms of government spending, university programs, inter-firm
strategic alliances, intra-firm technological expansion, and patent citations.

The next group of three chapters focuses on the human challenges we
must overcome in order to achieve convergence. Michael E. Gorman and
James Groves explain the problems faced when scientists and students from
different fields attempt to collaborate, and they draw lessons from their
own experience of solving such problems. Thomas A. Finholt and Jeremy P.
Birnholtz report the social and cultural difficulties that computer scientists
and earthquake engineers experienced in building a collaboratory, and they
outline principles that might avoid problems in future projects when a
transforming tool like information technology is applied to the needs of a
domain of science. Jim Hurd looks beyond the laboratory, and indeed beyond
the industrialized world, to describe the powerful mixture of entrepreneurship
and idealism that will be required to put NBIC technologies in service of the
citizens of developing nations.

Four chapters examine the tremendous opportunities and ethical
challenges that arise when convergence gives a prominent role to human
biology, especially the brain. James R. Baker explores the diversity of ways
in which nanotechnology may provide new diagnostic and therapeutic
techniques for intervention with environmental disorders, developmental
diseases, and degenerative diseases. A team represented in the NBIC
conferences by Wolfgang Perod describes the groundbreaking research that
members are doing in developing computational architectures on the basis of
detailed examining of the connections between neurons in the functioning
mammalian brain. Wrye Sententia analyzes the competing rhetorics that
people use in debating the ethics of cognitive enhancement, focusing on the
near-term example of pharmaceutical methods for improving human
memory. Zack Lynch offers an analytical classification of sectors of a new,
emerging industry he calls neurotechnology, that will be made possible as
nanotechnology and information technology assist biotechnology in
enhancing human brain functions.

Three chapters explore the partnership between information technologies
and new technologies based on the cognitive and social sciences. Robert
St. Amant explains the principles of human-computer interaction that allow
designers to create information systems that best empower, inform, and
enable people to achieve their goals. William Sims Bainbridge considers how
cognitive technologies can enhance human performance and well-being,
focusing on two examples: an artificial intelligence personal advisor, and
dynamic lifetime information preservation systems. A team led by Jim
Spohrer outlines the shape and purpose of a new, convergent scientific
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discipline that must be created, largely rooted in the union of information
technology with cognitive science, to allow the services industries to serve
their customers to maximum advantage.

The four concluding chapters consider the social, legal, and ethical
implications of converging technologies. George Khushf employs
philosophical methods to examine the ethical issues associated with the
accelerating rate of NBIC technological development and the goal of
enhancing human performance. Sonia E. Miller warns that the current legal
system is poorly prepared to cope with scientific evidence in an era of
converging technologies and urges people both inside and outside the legal
profession to take personal responsibility for improving this situation. James
J. Hughes uses the instructive example of biotechnology to survey the
competing technology-related ideologies that are emerging and that will play
an ever-more-important role in the politics of the 21st century. Bruce E. Tonn
considers the significant social changes that might result from NBIC
convergence, notably the possibilities for increased local self-sufficiency,
establishment of non-spatial governments, transformation of people’s
identities, and emergence of diverse new cultures across the planet.

The three appendices provide perspective on the potential future
applications of Converging Technologies, the scientific work currently in
progress that will accomplish NBIC, and the questions that must be answered
if industry and other societal institutions are to be able to manage the
converging new technologies.

References

Bainbridge, W. S. 2003. Converging technologies (NBIC). Pp. 389-391 in Nanotech
2003: Technical Proceedings of the 2003 Nanotechnology Conference and Trade
Show. Boston: Computational Publications.

Bainbridge, W. S. 2004. Converging technologies. Pp. 126-133 in W. S. Bainbridge
(ed.), Berkshire Encyclopedia of Human-Computer Interaction. Great Barrington:
Mass.: Berkshire.

Miller, S. E. 2003. Converging technologies: Innovation, legal risks, and society.
Risk Management Newsletter 1(3): 1, 5-7.

Nordmann, A. (ed.).2004. Converging Technologies — Shaping the Future of European
Societies. European Commission, www.ntnu.no/2020/final_report_en.pdf.

Radnor, M., and J. D. Strauss, (eds.), Commercializing and Managing the Converging
new Technologies, Northwestern University, 2004.

Roco, M. C. 2002. Coherence and divergence in science and engineering megatrends.
Journal of Nanoparticle Research 4: 9—19.

Roco, M. C. 2004. Nanoscale science and engineering: Unifying and transforming
tools. AIChE Journal 50(5): 890—897.

Roco, M. C. 2005. Environmentally responsible development of nanotechnology.
Environmental Science and Technology, March 1: 106—-112A.



Converging Technologies for Human Progress 7

Roco, M. C., and W. S. Bainbridge (eds.). 2001. Societal Implications of
Nanoscience and Nanotechnology. Dordrecht, Netherlands: Kluwer.

Roco, M. C., and W. S. Bainbridge. 2002. Converging technologies for improving
human performance: Integrating from the nanoscale. Journal of Nanoparticle
Research 4(4): 281-295.

Roco, M. C., and W. S. Bainbridge (eds.). 2003. Converging Technologies for
Improving Human Performance. Dordrecht, Netherlands: Kluwer.

Roco, M. C., and W. S. Bainbridge (eds.). 2005. Societal Implications of
Nanoscience and Nanotechnology (II). Report for National Nanotechnology
Initiative. Washington, D.C.: National Science and Technology Council.

Roco, M. C., and C. D. Montemagno (eds.). 2004. The Coevolution of Human
Potential and Converging Technologies. New York: New York Academy of
Sciences (Annals of the New York Academy of Sciences, vol. 1013).

Wilson, E. O. 1998. Consilience: The Unity of Knowledge. New Y ork: Knopf.



2. THE EMERGENCE AND POLICY IMPLICATIONS OF
CONVERGING NEW TECHNOLOGIES

Mihail C. Roco, National Science Foundation, and Chair of the U.S.
National Science and Technology’s Subcommittee on Nanoscale Science,
Engineering and Technology'

Abstract: After a brief overview of the general implications of converging
new technologies, this chapter focuses on its effects on research and
development (R&D) policies and business models as part of changing social
relationships. These R&D policies will have implications on investments in
research and industry, with the main goal of taking advantage of the
transformative development of NBIC. Development of converging
technologies must be done with respect for immediate concerns (privacy,
toxicity of new materials, unified nomenclature, etc.) and longer-term
concerns including human integrity, dignity, and welfare. The efficient
introduction and development of converging new technologies will require
new organizations and business models, as well as solutions for preparing the
economy, such as multifunctional research facilities and integrative
technology platforms.

Introduction

Science based on the unified concepts on matter at the nanoscale provides
a new foundation for knowledge creation, innovation, and technology
integration. The term convergent new technologies refers to the synergistic
combination of nanotechnology, biotechnology, information technology, and
cognitive sciences (NBIC), each of which is currently progressing at a rapid
rate, experiencing qualitative advancements, and interacting with the more
established fields such as mathematics and environmental technologies (Roco
and Bainbridge, 2002). It is expected that converging technologies will bring
about tremendous improvements in transforming tools, providing new
products and services, enabling human personal abilities and social
achievements, and reshaping societal relationships.

Our core idea is to advance an integrative approach for converging
science and engineering from the nanoscale, information, and system levels
with a refocus on human needs and aspirations. Those needs and aspirations
are identified in the development of the biomedical and cognitive areas.
Control of matter at the nanoscale and developments in systems approaches,
mathematics, and computation allow us for the first time to understand that
the natural world and scientific research are closely coupled, complex

9
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10 2. Emergence and Policy Implications of Converging New Technologies

hierarchical systems. Implications of converging new technologies would be
in key areas of human activity, including:

e Revolutionary tools and products

e Everyday human performance, such as work efficiency,
accelerated learning, and increase of group performance

e Changing organizations and business models, policies for
reshaping the infrastructure, setting priorities for R&D planning,
and other societal relationships; establishment of NBIC science and
technology platforms and facilitating the coevolution of new
technologies and human potential are envisioned

e Moving toward a “universal information domain of exchange” for
ideas, models, and cultures.

Examples of new products and services are pharmaceutical genomics;
neuromorphic technology; regenerative medicine; biochips with complex
functions; multiscale molecular systems; electronic devices with hierarchical
architectures; software for realistic multiphenomena and multiscale
simulations, processes, and systems from the basic principles at the
nanoscale; new flight vehicles using biomimetics; and quantitative studies
with large databases in social sciences. Cognitive sciences will provide better
ways to design and use the new manufacturing processes, products, and
services, as well as leading to new kinds of organizations, societal
interactions, and cultural traits. A survey on potential future applications of
converging new technologies is given in Appendix 1.

The National Science Foundation (NSF), the National Aeronautics and
Space Administration (NASA), the Environmental Protection Agency (EPA),
the Department of Defense (DOD), and the Department of Energy (DOE)
have several R&D projects in the area of converging technologies. These
projects are at the confluence of two or more NBIC domains, such as
developing neuromorphic engineering, improving everyday human
performance, “learning how to learn,” and preparing for societal implications
of converging technologies. Industry involvement is evident in seed projects
and in the R&D strategic plans of several companies. Ethical and other
societal implications must be addressed from the beginning of any major
converging technologies program. User- and civic-group involvement is
essential for taking better advantage of the technology and developing a
complete picture of its societal implications. We need a systematic,
deliberate, and responsible approach.

After a brief outline of the key areas of relevance of converging new
technologies, this chapter evaluates key societal relationships that would be
affected by NBIC.
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Divergence, Convergence, and Integration in Science and Engineering

There is a longitudinal process of convergence and divergence in major
areas of science and engineering (Roco, 2002). For example, the convergence
of sciences at the macroscale was proposed during the Renaissance, and it
was followed by narrow disciplinary specialization in science and
engineering in the 18th through the 20th centuries. The convergence of
understanding at the microscale (modeling and simulation by simple
components) for various disciplines was advanced in the 19th century, and it
was followed by the divergence of various computational platforms such as
finite elements and finite differences. The convergence at the nanoscale
reached its strength in about 2000, and we estimate that there will be a
divergence of the nanosystem architectures in the next decades. The gap
between various technological developments and their societal acceptance,
and the digital versus analog electronic platforms, are divergence examples.
Current convergence at the nanoscale and the information level are
happening because of the respective use of the same elements of analysis
(i.e., atoms/molecules in nanotechnology or bits/parts in information
technology) and of same principles and tools, as well as because of our
ability to make cause-and-effect connections from simple components to
higher-level architectures. In both nano and information realms, the
respective phenomena/processes cannot be separated, and there is no need for
discipline-specific averaging methods.

There are various dimensions and scales for convergence. In 2000,
convergence had been reached at the nanoworld (Figure 1) when typical
phenomena in material nanostructures could be measured and understood
with a new set of tools and seen as the basics in biological systems,
nanomanufacturing, and communications. Another convergence is expected
to be reached on system creation using NBIC in about 2020; building
systems from the nanoscale will require the combined use of nanoscale laws,
biological principles, information technology, and system integration. The
research focus will shift toward networking at the nanoscale and multiscale
architectures, artificial tissues and sensorial systems, quantum interactions
within nanoscale systems, development of human cognitive potential,
knowledge integration, and establishing a universal domain of information
exchange for human activities. Molecules will be used as devices, and from
their engineered-structure architectures there will emerge fundamentally new
functions that will be exploited in information, biological, and thinking
systems.

Research will include (a) atomic manipulation for design of molecules
and supramolecular systems, (b) controlled interaction between light and
matter with relevance to energy conversion among others, (c) exploiting
quantum control mechanical-chemical molecular processes, (d) nanosystem
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biology for health care and agricultural systems, (e) human-machine
interfaces at the tissue and nervous system level, and (f) convergence of
NBIC domains. Then, after 2020, one may expect divergent trends as a
function of the system architecture. Several possible divergent trends are
system architectures based on: 1) guided molecular and macromolecular
assembling; 2) robotics; 3) biomimetics; and 4) evolutionary approaches.

Figure 1. Reaching the Nanoworld (~2000) and NBIC Methods for
System Creation from the Nanoscale (2000-2020)
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