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Executive Summary

The project CONTECS (Converging Technologies — and their impact on the Social
Sciences and Humanities) was a Specific Support Action (SSA) funded by the Euro-
pean Commission to assist the Commission in setting up a research agenda in con-
nection with converging technologies. Items on this agenda can either be related to
research on the process of convergence itself or to research supporting technological
convergence.

In the current decade, a new concept of "Converging Technologies" (CT) has become
a buzzword in research and technology policy expert circles. This concept differs from
older notions of CT which are used, for example, in the computer and media industries.
At the core of the new concept are relations, synergies or fusions between broad fields
of research and development, such as nanoscience and -technology, biotechnology
and the life sciences, information and communication technologies, cognitive science
and neurotechnologies. Robotics, Atrtificial Intelligence and other fields of research and
development (R&D) are also taken into account in the discussions. The debate on con-
verging technologies has therefore been characterised as a "forum for exploring the
future impact of all science and engineering" (George Khushf at a CONTECS work-
shop).

The starting point of the discussions about the CT was a 2001 research and technology
policy initiative in the US which has often (and, in a way, incorrectly) been regarded as
a major official US initiative. This so-called NBIC initiative (nano, bio, info, cogno) put
emphasis on the aspect of "improving human performance" and, in particular, on the
issue of "human enhancement", i.e. the technological augmentation of human capabili-
ties and modification of human corporeality and intellect. Despite reservations about
the strong military focus of the NBIC initiative, other aspects of the concept resonated
strongly in other parts of the world, including Europe where the European Commission
set up a High-Level Expert Group: "Foresighting the New Technology Wave".

The major findings of this expert group reflected the intention to develop a different
approach to technological convergence to that pursued by the US initiative. While the
latter focuses strongly on enhancement of the individual human being, the European
concept of "Converging Technologies for the European Knowledge Society" (CTEKS)
adopts a demand-driven approach in which CT respond to societal needs and de-
mands. A major theme in both the US and European approaches is cooperation be-
tween the disciplines: the European approach makes a special issue of interdisciplinary
cooperation and its specific conditions and problems, whereas the US approach argues
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for a new unity of science underpinned by reductionism enabled by the possibility of
tracking virtually everything down to the nano-level.

While the research policy activities on convergence, which until recently have largely
been confined to foresight projects, reflect the international diversity of agendas, the
debate on CT, even in the European Union, still exhibits a clear focus, namely tech-
nologies that can be used for "human enhancement", for a massive modification of
human bodies in terms of a possible "reconstruction of man", or even for the creation of
"posthuman" beings. These wide-ranging visions which have not only accompanied,
but, in a way, determined the discourse on CT have already sparked debates in
research fields such as the ethics of technology, technology assessment, utopian
studies, theology, and in diverse subfields of science and technology studies (STS).
There is therefore a growing body of scholarly literature on the CT topic, although the
CT concept is not yet very apparent in the pertinent natural sciences and engineering
fields.

In the policy context, several actors have embraced the new concept of convergence,
most forcefully the European Union which, for example, has installed "converging
sciences and technologies" as a central concept in its funding activities on nanotech-
nologies and nanosciences. In general, one can observe that most of the new political
initiatives on CT are distancing themselves from the original NBIC initiative, at least
when it comes to the more visionary aspects, in particular in the field of "human en-
hancement". In the scholarly literature on CT, which is together with a rather small
number of foresight and innovation reports, the main manifestation of the new dis-
course on convergence, three tendencies can be observed: First, the discussions and
research activities on the CT topic have broadened and intensified, leading, for
example, to the publication of several CT special issues in academic journals and a
stronger presence of the convergence issue at academic conferences. Second, the
accompanying research on CT has shifted its focus to less visionary topics such as
potential new modes of inter- and transdisciplinarity, of science and society inter-
relations as well as empirical aspects of processes of technoscientific convergence.
Last but not least, the previously largely ethical analysis of the topic of "human en-
hancement" has been supplemented with studies on the historical, cultural and policy
contexts of the visionary discourse on convergence and of related discussions.

However, the social sciences and humanities (SSH) still lack a comprehensive and
integrated agenda with regard to CT. The development of ideas for such an agenda
was the main task of the CONTECS project on behalf of the European Commission. All
pertinent policy initiatives agree about the profoundly transformative character of the
ongoing and emerging processes of technoscientific convergence. They also agree
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that not only the ethics of technology, but a wide range of SSH should contribute to
both understanding and shaping these processes and their societal context.

Against this background, the present paper starts by introducing the new concept of CT
and with some general remarks on its relevance for the SSH (Ch.1), followed by a short
description of the CONTECS project (Ch.2). In its main part (Ch.3), the paper outlines
six major aspects of the overlap between Converging Technologies and Social
Sciences and Humanities. Within each of this six areas, several research questions
and challenges for the SSH are formulated. These research questions constitute items
proposed for a future research agenda for the SSH in Europe and should contribute to
a European approach to Converging Technologies. In order to keep this executive
summary concise, the single research questions are not listed here. Instead, a short
characterisation of the central fields in which the respective research questions evolve
will be given in the following.

The six fields are:

- The origins of the convergence debate and an analysis of real-world im-
pacts of CT visions (Ch.3.1) — this section examines to what extent the con-
cept of convergence has found its way into agendas for research and develop-
ment policies worldwide, and also attempts a realistic assessment of the US
NBIC initiative and its impact. It emerges that the NBIC initiative, far from being
a major official research policy initiative of the US, had its main function to ar-
gue for further financial support for nanotechnologies and that it contains "vi-
sions" rather than genuine roadmaps for a development of converging tech-
nologies or a "new renaissance of science". Assessments of the state of devel-
opment of technological areas where convergence is likely to take place,
showed that experts regarded progress in brain enhancement and physical en-
hancement as furthest removed in terms of realisation from the visions for the
areas. In some cases, researchers are paying lip-service to the visions to se-
cure funding, but there are also indications that researchers in certain areas of
the cognitive sciences regard personal enhancement as a realistic and worth-
while goal to guide their research.

- The special role of Cognitive Science (Ch.3.2) — the Cognitive Sciences were
viewed by CONTECS as the key element towards the realisation of CT in sense
of the NBIC initiative. Expectations in this direction have been fuelled by enor-
mous progress in the neurosciences, due not least to new instruments available
to observe, control and possibly manipulate processes within the human brain
at the level of neurons. Today, very little of Cognitive Science concerns itself
with phenomena happening at the nanoscale. Molecular neuroscience, which is
active in this field, lies on the outer fringes of Cognitive Science. Although it is
recognised that information transmission happens at a molecular level in the
brain, few cognitive scientists will find the fact relevant to their work. Effort
should be devoted to investigating what our lives are expected to look like when
what is in gestation in CT now reaches maturity.
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The question whether interdisciplinarity is the common denominator of
the CT development (Ch.3.3) — both the NBIC and the CTEKS concepts de-
vote much attention to issues of cooperation between scientific disciplines to
realise applications of CT. While the NBIC initiative argues for underpinning co-
operation through a base of common knowledge at the nano-level, the CTEKS
concept argues for strong interdisciplinary cooperation including both hard
sciences and social sciences. The problems and issues here are mainly not
unique to CT and have been investigated before. A specific problem within CT
is the low degree of interdisciplinary integration. Although this is true for inter-
disciplinarity in general, there is more research needed focussing on knowledge
overlap at the local level. With the absence of a common basis for interdiscipli-
nary research, it is necessary to study the "epistemic cultures" of the disciplines
involved, in order to identify possible obstacles for cooperation caused by dif-
ferent styles of scientific reasoning. As elsewhere, institutional barriers should
be analysed and applied to the needs of concrete CT research.

Ethical questions and critical issues from a technology assessment view
(Ch.3.4) - much of the current ethical discourse is focused on impacts of tech-
nologies and applications that are still very remote in time if they can indeed
ever be realised. CT are frequently used to discuss more general questions
arising in connection with applications of technology, particularly those for hu-
man enhancement. Given the visions existing for the development of CT and
likely applications in controversial areas, there is a need for a timely societal
debate which could be facilitated by citizen involvement. Further needs related
to CT exist in the areas of education, legal regulation and risk governance.
There is finally a need to examine in which areas of regulation international
agreements are required and in which areas national regulation is appropriate.

The assumption that natural science will take over traditional SSH do-
mains which may further the spreading of deterministic models of man
(Ch.3.5) — attempts to "naturalise" the social sciences have a long and contro-
versial tradition. While the social sciences and humanities frequently apply
methods from mathematics and hard sciences, this does not bring with it a
transformation of the SSH into hard science. While previous attempts to for-
malise the SSH have met with limited (though real) success, the rise of re-
search into complex systems is bound to extend the reach of formal
approaches. However, the crucial development is brought about by the de-
velopment of empirical approaches from cognitive science, neuroscience and
evolutionary biology, which carry a promise or a threat of reductionism. In con-
junction with enhanced formal tools, these disciplines offer new opportunities for
proponents of a radical form of naturalisation, which is regarded as threatening
by both the SSH and the affected citizen. The question thus raised is how far
naturalisation should go or be allowed to go. It might reach, according to the
present tacit consensus, lower (animal) faculties as well as the most general
and formal conditions of higher faculties, leaving out some "core content" which
is the province of SSH. It is worthwhile researching what new possibilities for
formalisation and empirical naturalisation of the SSH exist and what this implies
for the central traditions and disciplines of the SSH.
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- The role of enhancement and of other narratives of convergence in the
genesis and shaping of the CT debate (Ch.3.6) — ontological politics are the
processes, practices, discussions, struggles and contentions whereby the
existence and character of entities are defined, constructed and brought into
being. Ontological politics help define the focus and targets for CT. The contri-
butions to the genesis and shaping of the discourse on CT of various actors are
therefore analysed with regard to specific positions within the relevant discur-
sive and institutional fields. From this perspective, the discussions on CT and
what counts in them as expert or "authoritative" knowledge are examined.
CONTECS distinguished two approaches to the analysis of ontological politics.
First was a description of the parallel constitution of the debate on CT and on
nanotechnology-related far-ranging visions and of intensified discussions of
"human enhancement" enriched with an analysis of the historical roots of trans-
humanism. Second was an analysis of the ways in which ontologies are en-
acted, kept alive and performed in contemporary discussions about CT. By ex-
posing, analysing and demystifying ontological politics, especially those associ-
ated with the posthumanist and, more general, the technofuturist background of
the most heatedly discussed visions, the SSH may be able to draw more atten-
tion to issues that are largely neglected in the debates on CT.

In chapter 3, the relevant research questions for the SSH are emphasised in bold. The
research questions are the result of a comprehensive analysis of different CT aspects
which are documented in detail in the annexes A to D of this report. In addition, earlier
deliverables can be downloaded from the project website www.contecs.fraunhofer.de.
The research included document analysis, literature reviews and expert interviews with
researchers and engineers in the different technology areas as well as in the SSH
community. The results of the first deliverables and suggestions for a future SSH re-
search agenda were discussed and extended in two expert workshops in October 2006
(Brussels) and October 2007 (Paris). The draft agenda was presented and discussed
at the CONTECS final conference in Brussels in April 2008. Based on the discussions
and the final conference, concrete policy recommendations were extracted from our
work. The recommendations follow on the next two pages.

Chapter 3.7 presents a (non-exhaustive) list of SSH disciplines and research fields
which are relevant for the analysis or shaping of technoscientific processes of conver-
gence. The paper concludes with a general summary and an outlook (Ch.4). In this
conclusion, we argue that a strong engagement of a broad variety of SSH in the de-
bate, analysis and shaping of actual processes of technoscientific convergence can
decisively contribute to overcoming a one-dimensional, sociologically and philosophi-
cally naive conception of these processes and to embedding the dynamic develop-
ments in the NBIC fields into the European Knowledge Society.
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Selected Proposals for Science Policy Action

The function of the proposals described in this section is to highlight important areas for
science policy action. They are a selection of ideas for an SSH research agenda on
CT, and to an extent exclude important areas for future research which are also de-
tailed in the complete report. At the same time, the recommendations are one outcome
of the fruitful discussions at the CONTECS final conference in Brussels, April 16th
2008. The authors gratefully acknowledge all participants' contributions to the dis-
cussion and to an inspiring exchange of ideas, both at this final conference and the two
workshops during the course of the project.

A) Strategic role for the SSH in the Development of Key Technologies:

Create the financial and institutional conditions for the SSH to contribute to the
development of complex key technologies, such as converging technologies, in
the frame of strong European innovation systems in the interest of the citizens.
(Expected benefits: Early identification of promising CT application fields; "early-warn-
ing system" with regard to ethical and societal concerns related to the CT; promoting
the co-evolution of European knowledge societies and cultural diversity.)

B) Broadening the knowledge base of policy-makers:

Fund empirical research on processes of technoscientific convergence and sup-
port efforts to their precise conceptualisation to enable balanced strategic deci-
sions in R&D policy, the identification of new fields and their trajectories, and
pinpoint funding of CT projects. (Expected benefits: Contributing to a sound basis
for R&D policy decision-making; avoidance of "hype"-driven misallocations of re-
sources; early identification of disciplinary, inter- and transdisciplinary reconfigurations.)

C) SSH enabling CT development:

Support active contribution of the SSH to the development of CT through analy-
sis of existing experience with participation of the SSH in technology develop-
ment projects, the identification of critical factors for success under various
conditions, and the provision of funding for strongly interdisciplinary and trans-
disciplinary pilot CT projects in which the SSH are involved in different ways
(e.g. active contributions to Cognitive Science or the "embedding™ of SSH re-
searchers into CT projects). Important aspects are the framing of the SSH by
"hard" scientists and the framing of the "hard sciences" by the SSH. (Expected
benefits: Exploration of new avenues for strongly interdisciplinary cooperation;
strengthening societal and application aspects in the natural and engineering sciences;
establishing SSH as "converging sciences".)
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D) Awareness raising:

The weak current involvement of the SSH in converging technologies is due in
part to lack of awareness of the opportunities existing in this field. Science pol-
icy could encourage participation of the SSH in CT development by activities to
raise awareness including the broad dissemination of the results of projects
such as CONTECS and of other relevant projects on CT within SSH communities.
(Expected benefits: Tapping underused or unused knowledge resources in the SSH
which are relevant in the CT context; sensitisation of the SSH with regard to the CT
and their societal implications.)

E) SSH as "mediators” and "translators":

The SSH could take the lead in fostering a broad public dialogue on CT aimed at
avoiding counterproductive "hypes" and identifying societal demands and inno-
vative applications which correspond to policy goals. Such a discourse would
also address the "social limits" to CT and questions such as "What is the distinc-
tion between human and posthuman and what does it mean to be posthuman?".
(Expected benefits: Furthering new modes of communication between policy-makers,
natural scientists and engineers and the public; identification and inclusion of a broad
range of relevant stakeholders; "translating" S&T options into policy options.)
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1 Introduction: The concept of convergence and its
relevance for the Social Sciences and Humanities

Convergence in connection with science and technology is a frequent topic in scientific
and scholarly discourses, and also in the popular press. A familiar example is the con-
vergence of computing equipment and domestic consumer electronics, but the term is
also used to describe the coming together of scientific disciplines to solve problems
common to these disciplines, initially through interdisciplinary cooperation. If the area of
overlap is of a more permanent nature, this cooperation can develop into a conver-
gence drawing on elements from each of the scientific disciplines to form a new disci-
pline, or sub-discipline, with its own institutions, infrastructure, and trajectories (Bunge
2003, Doorn 2006).

While the latter kind of convergence is obviously of significance to a project concerned
with the setting of agendas for the social sciences and humanities, the entry point to
the CONTECS project were the "converging" technologies. Here, convergence is used
to denote the development of technologies drawing on a combination of research find-
ings from different disciplines. The extent to which converging technologies require, or
at least benefit from, a convergence of scientific research fields is a matter deserving
further analysis. One precondition for such an analysis is a more refined concept of
convergence which takes into account different modes of convergence as well as the
specific interrelations of highly transdisciplinary (sub)fields of R&D which are situated at
the intersections of the key areas of science and technology.

Given the history and character of the debate on CT, the "natural" starting point for
CONTECS was, however, the more general concept of convergence of the so-called
NBIC quartet: nanotechnology, biotechnology, information technology and the cognitive
sciences (including the pertinent sciences or technology fields). This concept of tech-
nological convergence was first advanced by Roco and Bainbridge in the documenta-
tion of the first NBIC conference 2001 in Washington, D.C. (Roco and Bainbridge
2003). The concept is frequently illustrated by the so-called NBIC tetrahedron (figure
1). In their introductory article the authors claim that convergence is taking place as a
synergistic combination of four major provinces of science and technology, each of
which is currently progressing at a rapid rate: (a) nanoscience and nanotechnology; (b)
biotechnology and biomedicine, including genetic engineering; (c): information technol-
ogy, including advanced computing and communications; and (d) cognitive science,
including cognitive neuroscience (Roco and Bainbridge 2003).
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Figure 1: Convergence of Nano, Bio, Info and Cogno (NBIC) (Roco and Bainbridge 2003, p. 2)

The assertion is that these sciences have now "reached a watershed at which they
must combine in order to advance most rapidly" (Roco and Bainbridge 2003, p. 2). As
structuring principles for future technologies the research objects of the NBIC fields like
atoms, genes, neurons and bits are accounted for (Roco and Bainbridge 2003, p. 71f).
Referring to the NBIC concept, it has been suggested that "(a)t the nanoscale atoms,
circuits, DNA code, neurons and bits become conceptually interchangeable" (Bouchard
2003, p.12).

Whereas the NBIC concept addresses above all science and technology, NBIC advo-
cates have from the beginning been raising questions concerning its implications for
society, education, and governance. One indication for this is the first Roco & Bain-
bridge report which is not structured around the respective technologies or research
fields but around socially relevant goals and application fields. The report organises its
odd 70 articles into the following sections:

e Expanding human cognition and communication
¢ Improving human health and physical capabilities
e Enhancing group and societal outcomes

o National security

¢ Unifying science and education.

The social consequences of the technology development are discussed in each of
these sections. And the section "Unifying science and education" (Roco and Bainbridge
2003), but also three subsequent reports (Roco and Montemagno 2004, Bainbridge
and Roco 2006a, Bainbridge and Roco 2006b) contain extensive discussion of the role
of the Social Sciences and Humanities as a research area.



CONTECS 3

The report contains several very strong visions, such as human enhancement as the
leitmotiv of technological development for converging technologies and also a "renais-
sance of science" based on the reduction of virtually everything to processes on the
nanoscale.

Due to the high strategic importance attached to this kind of convergence, the concept
attracted a great deal of attention in other regions of the world. Examples of more or
less direct reactions to the NBIC report are the setting up of a high-level expert group
"Foresighting the New Technology Wave" by DG Research of the European Com-
mission which developed the CTEKS Agenda ("Converging Technologies for the Euro-
pean Knowledge Society") and at least two activities by the Canadian government:
Defence R&D Canada and the Canadian Pilot Foresight exercise on "Biosystemics"
(for other examples cf. Rader et al. 2007; TAB 2008).

In contrast to the U.S. approach which exhibits a strong technodeterminist approach
(see for example the analysis of Schmidt 2007), the European approach to converging
technologies starts with social and environmental goals. In its report "Converging
Technologies - Shaping the Future of European Societies", the European High Level
Expert Group encourages research on topics that are highly valued, thus hoping to
initiate technology developments in the desired areas. A number of areas are identified
where progress through convergence is considered to be desirable (HLEG 2004), for
example:

e Health, including "lab-on-a-chip" technologies for fast screening and early diagnosis
of diseases, intelligent prostheses interacting with brain signals from patients and
transmitting sensory information.

o Education with applications like invisible knowledge space, learning objects and
smart surroundings.

¢ |ICT Infrastructure with environmental monitoring through ambient sensing devices to
alert agencies of pollutants and inform individuals about the distribution of allergens,
integration of information about food products.

o Energy with new energy carriers and forms of storage, new energy sources emu-
lating nature, exploring renewable energy sources, photovoltaic, hydrogen, geo-
thermal and solar energy.

A wide range of SSH aspects is being addressed in the debate on converging tech-
nologies. In principle SSH involvement in the debate has two sides, namely contribu-
tions of SSH research on convergence, and contributions and contributions of SSH
research for or in processes of convergence. On the one hand it can be asked what the
Social Sciences and Humanities can contribute toward understanding the processes of
scientific and technological convergence, to analysing the new modes of knowledge
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production, to assessing the diffusion of the concept into research programmes and to
grasping the role of visions in concrete technology development processes. On the
other hand it can be asked what the process of convergence means for the develop-
ment of a future SSH research program. Following the assumption that scientific and
technological convergence will have far-reaching consequences for society and the
economy, it can be assumed that the current SSH research will have to react in one
way or the other to the challenge of convergence. Both aspects of SSH involvement
were discussed in the CONTECS project and the main findings will be presented in the
following sections.
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2 Presentation of the CONTECS project and method

CONTECS (Converging Technologies - and their impact on the Social Sciences and
Humanities) was a research project funded by the European Commission with the aim
of contributing to a future research agenda for the SSH in the light of ongoing pro-
cesses of technological (NBIC) convergence. The project started in February 2006 and
its final results were presented at a conference in April 2008 in Brussels. The project is
a collaborative activity in which four partners from universities and research organisa-
tions were involved. The project was co-ordinated by Fraunhofer ISI (Karlsruhe) and
included the Research Centre Karlsruhe, the Said Business School (Oxford) and the
Ecole Normale Superieure (Paris).

Figure 2: Work packages and activities of the CONTECS project

CT on research
agendas around
the world
Draft
:;S'l‘:ec:ésrent 1,| 1stdiscussion Exploration of SSH discussion research
paper and hot topicsand |_,| paper and agenda
The role of workshop SSH aspects workshop for SSH
Cognitive 4 October 06 Interviews October 07 Final
Science in CT conference
& report
CT in an STS
perspective

The aim of the project was to suggest a research agenda for the SSH on the basis of a
comprehensive understanding of the convergence process. Figure 2 shows the tasks
undertaken for this purpose with a subdivision into research policy (top box in left-hand
column), technological aspects (second box from top), the role of cognitive sciences for
the converging technologies and, in the bottom-most box, converging technologies
from the STS perspective. The first phase included an analysis of the central docu-
ments of the CT debate and of additional information on the topic available in the aca-
demic literature and on the Internet. A one-day workshop was organised in October
2006 in Brussels to discuss the results of this first phase with about 20 researchers and
experts from Europe and the United States. Recurring themes of this discussion, so
called "hot topics", were identified and used to structure the second phase of the pro-
ject. The second phase of CONTECS included personal and telephone interviews with
researchers and central figures of the NBIC and CTEKS debate. The interviews pro-
duced new insights into the different strands of research in the project and resulted in a
set of consolidated papers and a SSH discussion paper listing and describing nine
central SSH areas. This SSH discussion paper was the basis of a second expert work-
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shop in October 2007 in Paris involving SSH researchers both from Europe and from
North America. Based on workshop input and further research, the relevant areas for
the reearch agenda were condensed to six. These six central areas and the research
questions evolving from them will be presented in the following.

The basis for the following chapters are four deliverables which make up annexes A to
D of this report. The annexes are authored by the different partners in the project and
they comprise additional information and a comprehensive description of the respective
methods.
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3 The agenda: SSH research and technological con-
vergence
3.1 Tracing the origins of the convergence debate and

sketching impacts on R&D

How did the concept of convergence diffuse into research programmes?

As far as it is possible to discern today, the term "converging technologies" referring to
the combination of nanotechnology, biotechnology, information technology and the
cognitive sciences (NBIC) emerged from the US National Nanotechnology Initiative
(NNI). NBIC appears to have been conceived largely as a successor to the nanotech-
nology program with the aim of securing continued funding. The "grand visions" devel-
oped for NBIC must be evaluated against this background. Interviews in the US indi-
cate that these visions, such as the unity of science or radical human enhancement
have not been taken at face value in the US. Most notably, there has never been any
genuine national US policy or national debate on converging technologies and human
enhancement as has frequently been assumed in Europe.

The role of radical visions in science policy is a possible topic for further in-
vestigation. Another topic in this connection is the "genesis" of visions, more
specifically the fate of the NBIC vision between its emergence at the NSF/DOC
workshop and the current situation. A further interesting research question is:
what is actually at the core of the NBIC vision? Is it nanotechnology or biology
and what is the role of the cognitive sciences in converging technologies? To
what extent does the vision of NBIC convergence still build on the notion of bio-
info convergence in the "information paradigm” (Castells 1996)?

As a result of the existence of the US NBIC initiative and its perceived key role in se-
curing industrial competitiveness, initiatives addressing a similar range of converging
technologies were developed for other regions, most notably Canada and Europe.
These initiatives are usually described as having a different approach and as pursuing
different goals to the US NBIC initiative. One might thus assume that the critical
issues for the social sciences and humanities would also be different to those
relevant for the NBIC approach for enhancing human performance, or at least to
give different emphasis to the issues involved. But is this really the case?

Due to the lack of a widely accepted definition of what constitutes convergence and
also to a lack of currency of the term itself, "convergence" is used by a broad variety of
stakeholders and other actors to convey their own visions of the aims and nature of
convergence. "Convergence" itself is finding more frequent use in recent years in con-
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nection with technology. A familiar example is the convergence of computing equip-
ment and consumer media electronics and another important case is the convergence
of the formerly separate infrastructures for the transmission and exchange of data,
broadcasting and telecommunications. Convergence can also take place between pre-
viously separate scientific disciplines, for example where these convergence on a
common subject, each bringing its methods to bear. The dividing line between various
kinds of research involving cooperation between different scientific disciplines and con-
vergence has already been the subject of the EU FP6 project EMCOTEC.

The impression gained from work for CONTECS and other NBIC-related projects
is that scientists working in fields belonging to the converging technologies do
not use the term and are sometimes even unaware that it exists. The term seems
to have originated in the sphere of research policy, which raises questions about
its use by policy makers and its discovery and adoption for strategic reasons by
researchers.

There is currently little evidence of spectacular advances involving the complete
NBIC quartet, so it might be more relevant to look at specific directions of con-
vergence of pairs or trios of the technologies, like synthetic biology and neuro-
science where there is most likely progress which could not have been achieved
without convergence.

One aspect of this type of convergence is a possible shift in emphasis from en-
gineering to the life sciences, from attempting to model processes found in na-
ture towards replicating and amplifying these same processes in living organ-
isms. This implies examination of connections and links between previously
separate areas of science.

In a more speculative vein, a question linked with the replication of processes concerns
the implications of hybridised human beings for the social sciences, e.g.: If technology
is believed to replicate natural processes linked with specifically "human"
properties, does this imply that artificial or hybrid intelligence should have the
same rights and obligations as humans?

A question related to shifts in the definition of concepts or to differences in con-
cepts in general is whether these shifts bring with them changes to the relevant
agenda of the social sciences and humanities.

While the converging technologies do raise many questions in the social realm, it is a
question to what extent these are generic issues related to technologies and to what
extent they are specific to converging technology. Thus it should be asked whether it
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makes sense to deal with all topics under the common umbrella of "convergence" or to
tackle them separately, although a distinction should obviously be made.

Technologies like CT have been very successful in enhancing their legitimisation by
claiming a close alignment of their research agenda with the industrial research
agenda. This has also been seen in other fields, for instance molecular biology where it
was possible to hugely increase funding because of the promises that were made by
scientists to emphasise the economic significance of research in the field. There is a
sharp distinction between legitimacy in the scientific field, where the criteria for scien-
tific value are still publications in scientific journals and other forms of peer acknow-
ledgement, and recognition as a funding area of key strategic or economic importance.
The different frames of reference for scientific research in such fields and the
conflicts and strategies arising as a result of the need to address them are a
topic for SSH research.

What are scientific drivers of CT? Do researchers use the concept in their everyday
work? What is the role of visions in the process of research and technology develop-
ment? How is industry involved in the convergence process?

After analysing the diffusion of the convergence concept in the different national re-
search planning contexts where programmes determine actual research and scientific
development, another important question concerns the scientific drivers of CT. This
leads to the question whether or not the concept is actually being used as a guiding
vision by researchers in their every-day work. In fact it is not clear whether the conver-
gence idea is something which has been invented by a few research planners and
gratefully adopted by the so-called "transhumanist" movement (that argues for radical
"human enhancement" which might lead to a transformation of the human species), or
something which has come out of the scientific community itself as a result of the ob-
servation of technological development and its organisational requirements. As a re-
sult, convergence might be either a normative concept imposed on researchers by
science politics or a science-driven concept embodying future requirements for collabo-
rative research and technology development.

In order to approach this question we made an attempt to determine the distance be-
tween the visions of the NBIC debate and actual developments in the relevant areas
(see appendix A and Beckert, Blumel, Friedewald 2007). We propose employing
assessments by experts of the distance between visions and realities as an indicator
for the relevance of the concept: A greater distance, i.e. technological realisability at
some remote point in the future, would make the use of convergence as a normative
concept more plausible than its use in the frame of a science-driven concept.
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In a first step it was necessary to determine the relevant areas, applications and re-
search fields that are possibly being affected by or driving the development of conver-
gence. An analysis of the central documents of the debate in the U.S. and in Europe
resulted in the identification of more than 100 individual technology development and
application fields, scientific areas and research fields in which convergence is claimed
to be under way or where convergence is expected to take place in the future. With the
help of experts from different technology backgrounds, the R&D fields were clustered
according to thematic similarities, common methods, mutual closeness and frequency
of occurrence in the main policy documents. The clustering exercise resulted in eight
areas in which it was possible to locate almost all research and development fields re-
lated to CT. The eight areas are

e neuroscience and brain enhancement,

¢ physical enhancement and biomedicine,

¢ synthetic biology,

e human-machine interfaces,

e sensors,

e pattern recognition,

e computer-based modelling of the world, and

¢ robots and intelligent software and devices.

To be able to confront the virulent visions with the state of the art in research and tech-
nology development, the visions were extracted from the central policy documents and
an assessment was made of the state of the art in the respective research and tech-
nology development areas. This was accomplished by the analysis of scientific over-
view articles as well as reports on specific areas of the NBIC subject matter. The over-
view articles include Silberglitt et al. 2006; Shmulewitz et al. 2006 and Griliner et al.
2005. Articles mainly from a journal of the Institute of Electrical and Electronics Engi-
neers (IEEE, engineering) and "Nature" (natural sciences) were used to assess ad-
vances in individual application areas. Analysis drew on the know-how of experts from
the Fraunhofer network in Germany and of several external experts who were inter-
viewed for this exercise. The intention of the interviews with researchers and engi-
neers was to gather information on the extent to which scientific practice is
affected by the notion of convergence and in which ways technological conver-
gence is actually taking place.

Analysis of the visions and of cutting-edge research in the overlapping fields of nano,
bio, info and cogno shows that scientific convergence is indeed under way in various
fields. Central impulses for convergence are coming from the field of neuroscience.
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Multi- and interdisciplinary research and development seem to be the core of techno-
logical convergence. Investigation on the application areas of NBIC has shown that the
central fields of CT, such as neuro and brain enhancement, physical enhancement and
biomedicine and - with some restrictions - also the relatively new field of synthetic biol-
ogy, are characterised by the incorporation and combination of previously separate
existing research fields by a process of technological convergence. Indicators are new
potential applications, interdisciplinary co-operation and research projects. There is
thus evidence of both scientific and technological convergence.

However, analysis has also shown that visions and cutting-edge research are consid-
erably remote from each other in all eight fields. The gap is especially wide in the two
human enhancement fields (brain enhancement and physical enhancement) and also
in Synthetic Biology. In almost all of the remaining fields, the distance is not as signifi-
cant and visions can be expected to turn into concrete applications in the not too dis-
tant future. In neuroscience and biomedicine there is a strong focus on medical appli-
cations and improvements of existing treatments and therapies. The enhancement of
brain and body functions is not mentioned as an explicit goal in the projects concerned.
Even so, the recent German National Foresight project has revealed that "personal
enhancement” is regarded by participants in the foresight process from the cognitive
sciences as an interesting and worthwhile area of research, in contrast to participants
from the health area (Cuhls & Ganz 2008, p.35).

Across all eight fields, it can be stated that convergence is essential for progress al-
most everywhere and that it encompasses a broad variety of sub-fields and sub-disci-
plines. From a technological perspective, there is no "lead convergence" to be found.
However, it has become obvious that scientific "pacemakers" of convergence are neu-
roscience, biomedicine and Synthetic Biology. In all eight fields, the need for interdisci-
plinary co-operation is considered to be central.

In some areas such as Atrtificial Intelligence, convergence does not describe a new
approach but includes an existing research field, which could profit from a more rigor-
ous trans- and interdisciplinary approach as suggested by CT. The cognitive sciences
have always been interdisciplinary in nature and are characterised by the conventional
benefits and problems of interdisciplinary work. The very label "cognitive sciences"
insinuates that there is no true unity between the various disciplines in the do-
main. An interesting research question is whether there is any basis for the con-
vergence of these disciplines into cognitive science (singular).

Another point is the awareness of scientists of the concept of convergence, especially
in the form of NBIC convergence. In view of the inconsistent development of the real
science and technology landscape, it may be concluded that the convergence concept
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works primarily as a political concept or a concept for research managers. In the inter-
views, it emerged that the term was so new that researchers are mostly not aware of
NBIC-convergence, even if they work in the middle of a discipline belonging to those
described as convergent, busy with technology developments in the conceptual overlap
between nano, bio, info and cognitive science. Thus, the NBIC concept of technological
convergence currently seems not to be at a stage where it actually guides the actions
of scientists or shapes concrete technology developments. However, there is not yet
sufficient evidence to provide convincing grounds for this claim. The question "Are
researchers in the labs actually and consciously working towards conver-
gence?" needs further attention and research. Some scientists reported in the inter-
views that they pay some lip service to the hype in order to receive funding money and
that apart from that the concept does not matter in their daily work. However, we
should not conclude that this actually is the case it might well be that the concept con-
cretely guides them in one way or the other. The research question therefore is to
find out how the concept of convergence actually may motivate or guide re-
searchers in the labs and what difference it makes in their daily work and in the
results of their research.

We also found that the concept has not yet reached the level of being relevant for en-
terprises and industry. Although there are some approaches in the research labs of
large firms in the biopharmaceutical or biomedical area that could be termed "techno-
logical convergence" and some interest in new processes of convergence on the part
of bio and infotech firms, the NBIC concept itself has not yet triggered specific invest-
ments and has not yet fuelled expectations in the corporate world.
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3.2 The Role of Cognitive Science

The Cognitive Sciences (CS) were given special prominence in CONTECS due to the
key role they apparently play in the original concept in relation to enhancing human
performance. In the concept, it is assumed that new tools and instruments for the nano-
level will become readily available to analyse, manipulate and replicate cognitive pro-
cesses at this level.

We will not rehearse here the definition and historical background to the CS provided in
the project deliverable (see appendix B) but will focus instead on a description of the
Cognitive Sciences in their relationship to the Converging Technologies.

We found that while the Cognitive Sciences were given a prominent role in the original
NBIC formulation, the precise delineation of the relationship of the last component to
the first three is problematical. A telling fact is that Cogno is essentially ignored or mis-
represented by many scientists working in Nano, Bio or Info, together with the sym-
metric phenomenon of a near-complete ignorance, on the part of most cognitive scien-
tists, of the NBIC/CT problematic, indeed, of the very notion or even the label.

Two areas of obvious interaction (which does not imply convergence) can be readily
identified:

o A large part of the projected contributions of IT (Info) have to do with building de-
vices which can assist individuals and groups in their handling of information and
their decision processes. In other words, IT comes in, to a great extent, to supple-
ment certain cognitive processes, and thus could benefit much more from a scien-
tific understanding of human cognition than it presently does. In addition, parts of IT
take their inspiration from natural cognition to solve information processing problems
(e.g., artificial intelligence, software agents, etc.)

e The Bio component contains a particularly promising aspect, viz. intervention on the
nervous system by pharmacological or hybrid bio-physical means. Cognitive science
is the theoretical framework within which the science of brain function is developed;
thus it seems reasonable to take on cognitive science if one wants to develop good
brain-connected devices.

It is far less obvious how the CS at this stage could be in any way directly involved in a
synergy with Nano research.

So where do the CS belong in the grand scheme of things? Deeply enmeshed in the
NBIC concept, is the idea that the entire enterprise aims at "improving human perform-
ance": thus an understanding of pre-NBIC human performance is required, so as to
channel the quest for adequate augmentations or enhancements in a fruitful and be-
nevolent direction. The CS therefore provides a framework for enhancement; conver-
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gence of the CS with the NBI components is grafted in through the claim that the CS
are really about the nano-level as well. We found both ideas to be questionable.

Despite lip service being occasionally rendered, in the enormous NBIC literature, to
cognitive science, the initiators of the concept actually have in mind a very special un-
derstanding of the field. This becomes clear when one asks what actual role is
assigned to cognitive science. It splits into two disjoint parts, brain science on one
hand, "intellectics" on the other intellectics being a word coined by Wolfgang Bibel (cf.
Holldobler 2000), by which he understands, essentially, artificial intelligence informed
by cognitive science. This seems not unreasonable until one notices one glaring la-
cuna, that of psychology. The very idea of cognitive science is to develop the agenda
of psychology with the help of new methods, or rather new perspectives, provided by
the study of formal processing of information on one hand, workings of the brain tissue
and structure, on the other, and with the guidance of evolutionary biology, anthropology
and linguistics. Technological interventions on the nervous system, plus computer-
based 'intelligent’ devices do not together make up a cohesive approach within cogni-
tive science.

This primacy claim of nano is bound to be met with an even higher degree of scepti-
cism by most cognitive scientists, for both practical and theoretical reasons. Today,
very little of cognitive science concerns itself with phenomena happening at the nano-
scale. This is the exclusive province of molecular neuroscience, which lies on the outer
fringes of cognitive science. Although it is recognised that information transmission
happens at a molecular level in the brain, few cognitive scientists will find the fact rele-
vant to their work. Within the core disciplines of cognitive science (systems neuro-
science, psychology, linguistics) it is often argued that cognitive systems exhibit several
different levels for analysis, and that the lower levels are by and large irrelevant to the
higher ones. The strong physical reductionism present in the CT literature is therefore
unlikely to resonate well with the dominant strands of cognitive science. It may be per-
ceived as a form of what the philosopher Daniel Dennett (1995) calls "greedy reduc-
tionism", i.e. an attempt to explain away phenomena by claiming they "boil down to"
some lower level. To say that, for example, cognition "simply boils down to" molecules
has no explanatory power; rather, it robs cognitive science of its subject matter.

Reconceptualising the problem situation

As we have already suggested, thinking about cognitive science and CT by giving the
nano-level a central role may not be the most appropriate theoretical outlook. The key
finding of previous work on CT, and of work done during the course of the CONTECS
project, is that much of what is interesting and new in science and technology today is
happening across disciplinary boundaries rather than within. That does not imply that
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cross-fertilisation is a new phenomenon, nor does it indicate necessarily that scientific
disciplines will soon disappear as institutions. Despite the well-documented failures of
previous reductionist programs, it just might be the case that nanoscience will in the
end play a central role as the foundation for a unified science. But what is clear is that
local convergence processes are real, and that they generate technological advances
at an unprecedented pace.

What is needed is then to look at concrete advances being made to try to get a
sense of where CT might be going. CONTECS has made progress in that direc-
tion by cataloguing recent developments, and by building a picture of conver-
gence as a social process — who is involved and why. More is needed, but al-
ready we can begin to sort out the relevant questions from those that are not so
relevant.

The Cognitive Sciences as a laboratory of convergence

The rise of the Cognitive Sciences is probably the greatest experiment in interdiscipli-
nary in modern science. We believe it provides a strong test bed for models of conver-
gence, and a potentially invaluable source of empirical observations.

The topic of interdisciplinary has been raised by many participants in CONTECS inter-
views and workshops. Concerns expressed include issues of culture and language
("bridge-building"), issues of power (inequality between disciplines), of incentive struc-
tures, of education. What is the right institutional environment to foster interdisci-
plinary research? What about curricula? What is the impact of interdisciplinary
work on individual careers?

These are all issues that the CS has had to tackle. Some notable institutional and or-
ganisational outcomes include:

¢ a reshaping of the field around objects (memory, perception, social cognition, etc.),
as witnessed by the appearance of object-based journals and conferences.

o the creation of "brain science" and "cognitive science" research centres and curric-
ula.

o the further blurring of boundaries brought about by the success of brain imaging,
which involves many psychologists as well as neuroscientists.

The concrete processes, the hurdles encountered, the resilience of older forms
of organisation in the CS open avenues for SSH research in convergence.
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Known unknowns, unknown unknowns

It is of course quite natural that the most spectacular claims made around CT have
attracted the most attention. Unlimited prospects for human enhancement, including
push-button learning, a high-throughput "sixth sense", dematerialisation and immortal-
ity, are all tantalising visions. The nearer prospects should not be neglected in favour of
far-fetched possible worlds. This is important to keep in mind again if our goal is to en-
gage SSH scholars in an inquiry about CT: most of them will be put off by the far-
fetched visions, regarding them, not without reason, as insufficiently supported, and we
do not wish them to simply ignore issues which they can, and should, address, and
which only they can pursue in a robust way.

We can bracket out the possibility of extreme forms of human enhancement: CT brings
enough for our preoccupation. We need to invest the greater part of our effort in
investigating "TechLife": what can our lives are expected to look like when what
is in gestation in CT now reaches maturity? This is a "known unknown": we know,
at least roughly, what those technologies are going to be; what we do not know is their
impact on our personal lives and on society. "Translife", the future lives of trans-hu-
mans, however, is an "unknown unknown". What enhancements are possible is open
to question, and so is the issue of whether society will let those developments happen
at all. We suggest that, regardless of how fascinating the question may be, not too
many resources should be devoted to the issue of transhumanism; we have more
pressing matters to deal with. In the deliverable we highlight clusters of topics that
seem to us of particular importance (appendix B):

¢ Self-understanding of self, kin, society
o Knowledge and competences

e Politics and economics in TechLife

e The "New Al"

¢ Prospects for enhancement: constraints vs. tradeoffs
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3.3 Interdisciplinarity: The common denominator of CT?

The CONTECS project has been dealing with two related but separate types of con-
vergence: scientific convergence consisting of the cooperation and cross-fertilisation of
different scientific disciplines working on a common topic, and technological conver-
gence, meaning the use of the findings from different disciplines in specific applications
and products of technology. In the former area, the US NBIC report and the EU CTEKS
concept make very different propositions for scientific convergence. While the NBIC
report argues for a common basis of all science at the nanoscale, the CTEKS concept
makes a strong case for interdisciplinary cooperation between existing disciplines.
While this does not exclude the possibility of true convergence to form new scientific
disciplines or sub-disciplines, this is not an essential element of the CTEKS concept as
understood by CONTECS. The extent to which converging technologies require,
or at least benefit from, a convergence of scientific research is a matter deserv-
ing further research.

The word convergence implies a degree of fusion of the different sciences and it is
more than just sporadic intersections or temporary cooperation between different fields
or people coming together to work on a special topic. It implies that the tools, the lan-
guages, and the mindsets are going to feed together at some point in the future. This
will lead to a blurring of the borders and the identities of the disciplines in this area of
common interest. In most cases, the "parent” disciplines will continue to exist,
although a topic of research could be to examine whether the area where con-
vergence is taking place is now excluded from the agendas of the parent disci-
plines.

It appears that convergence takes place at the level of doing things and constructing
things, not necessarily at the theoretical level. Convergence thus seems to aim at the
building of entirely new structures, or objects, or artefacts, or devices. Technological
convergence might affect the way scientific knowledge is produced and con-
tribute to recent trends towards new forms of "technoscience", an issue which
deserves closer attention.

One question that arises in this context is whether some sort of new field with a
permanent status which might evolve into one or more new scientific disciplines
or sub-disciplines is being created or whether it will be something that will dis-
appear once the different projects have been finished. There is also the issue of
encouraging people to work in interdisciplinary fields, since it currently seems
that working in interdisciplinary teams for any real length of time is an item in
academic biographies that is seldom rewarded or acknowledged as a scientific
achievement.
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Scientific convergence is taking place as a result of the growing need for interdiscipli-
nary research (Shmulewitz et al. 2006), which is itself the result of the growing role of
societal problems as drivers for technological development. The NBIC concept encom-
passes at least four fields of science and technology development and thus needs to
incorporate very different competencies (Mehta 2002; Pilarski et al. 2004). Today, in-
terdisciplinary research is one of the hot topics in research and technology policy (see
NEST 2004).

Many programmes in the leading industrial countries are concerned with fostering co-
operation between the disciplines. But producing real collaboration remains a difficult
task. Often the notion of interdisciplinary research is the expression of lip service and
does not go beyond a mere participation of different disciplines (Weingart 1997; Turner
2000). Meanwhile there is a whole branch of research emerging especially in the field
of science and technology studies dealing with this topic (Weingart & Stehr 2000; Klein
1990; Klein 2000). Disciplines differ in their degree of problem orientation and accord-
ing to their reference to application contexts (Jansen 1998; Hasse 1996). Due to these
findings, interdisciplinary research is particularly addressed both in the cognitive and in
the organisational dimension (Whitley 2000; Heinze 2006). While there is much re-
search on the cognitive dimension of interdisciplinary (Jantsch 1972; Kocka et al.
1987), studies on the institutional dimension, focusing on the practices of interdiscipli-
nary research in emerging technological fields like CT, are still rare.

There are two dimensions for further examination in the context of interdisciplinary re-
search and technological convergence: The first dimension is seeking a common ba-
sis for research projects that enables the intended integration. In what ways are
the different disciplines involved in the context of the whole project? The philosophy of
science has made strong efforts to differentiate between several kinds of interdiscipli-
nary research. Schmidt (2008), for example, found at least four types of interdiscipli-
nary research enabling integration: Theoretical, methodological, problem orientated
and object orientated interdisciplinary. Examining these four types of interdisciplinary in
relation to the concept of technological convergence Schmidt concludes that CT is
based on a weak understanding of interdisciplinary, which he terms "object-oriented
interdisciplinary. According to his analysis there is no theoretical or methodological
framework or paradigm that is able to transcend the different fields of research in CT
(Schmidt 2008, see also Gordijn 2006).

The second dimension for the analysis of interdisciplinary is the institutional or
organisational level. Here one can ask to what extent the integration of disciplines
has succeeded in any particular field. With the growing importance of nano- and bio-
technologies, the interdisciplinary structure of these fields of research has been ana-
lysed by Schummer 2004; Heinze 2004, Meyer 1998, Meyer 2001 and Rafols/Meyer
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2007. The result was that with respect to publication data there is no evidence for in-
terdisciplinary integration in the nanosciences (in contrast, for example, to the material
sciences, see Bensaude-Vincent 2001). Nanosciences play an important role in the CT
debate. The fact that interdisciplinary integration has not yet taken place can be shown
by looking at the interdisciplinary rate (IR) in publications (see Schummer 2004). The
IR shows how many authors from different disciplines contribute to a specific publica-
tion. There is growing evidence that this rate in CT is not higher than in other fields of
research, meaning that research and development is still very fragmented in CT (Ra-
fols/Meyer 2007).

Schummer explains this still dominant orientation along established scientific disci-
plines and organisational entities hinting at cognitive orientations. He focuses on cogni-
tive dimensions and organisational orientations arguing that a common basis for disci-
plinary integration can only be achieved in a technology or knowledge overlap (e.g.
methods or theories). When the size of the objects under study (nano) is taken as a
common basis for interdisciplinary integration in the nano-biosciences, chemistry,
physics and biology are perceived as converging at the nanoscale. Another important
issue that could serve as a common basis for a field of research might be a leading
aim, for which certain knowledge can be used, for example saving energy in the envi-
ronmental sciences. According to Schummer both factors are not sufficient: Using size
as common basis, there are so many different objects of research that can be analysed
that interdisciplinary integration becomes almost impossible (Schummer 2004: 16). On
the other hand, the technological aim, e.g. the end that can be reached with the tech-
nology is not concrete enough for a stimulation of interdisciplinary research.

Arguments referring to cognitive dimensions as obstacles for interdisciplinary (Schum-
mer 2007) are not the only explanations for the fact that interdisciplinary research is
difficult in the CT context. During the project some interviewees also reported that in-
stitutional conditions are a special barrier for interdisciplinary research (see Beckert et
al. 2007). Since the institutionalisation of science is still oriented towards the estab-
lished disciplines, the practices of interdisciplinary research often seem to clash with
the reproduction of existing structures. Doing interdisciplinary research therefore often
obstructs individual scientific careers more than it furthers them. Several researchers
reported hybrid knowledge might be helpful for scientific breakthroughs but is not the
best qualification for access to academic institutions.

Institutional conditions for interdisciplinary research in emerging technologies differ
strongly between countries and fields of research (De May 2000). The university and
science systems of different countries have different incentives for interdisciplinary
(Llerena/Meyer-Krahmer 2003). According to Jong (2006), the Anglo Saxon countries
have changed institutional structures to enable interdisciplinary research. One example
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for this is the situation in graduate schools in the UK as compared to the situation for
example in Germany?. In Germany, disciplinary structures still dominate PhD education
while in the UK research in these schools is much more oriented towards problems
transcending disciplinary confines (Jong forthcoming). Interdisciplinary training and
research will become more and more important in the development of CT as a field of
research in its own right.

Some authors also explain differences in interdisciplinary integration with the govern-
ance structures of science: One thesis is the extent to which the absence of hierarchi-
cal structures facilitates interdisciplinary research (Jong 2006b). It can also be shown
that hierarchical structures differ a lot among European countries: Again Simcha Jong
reports huge differences between the UK and Germany. In the latter country, hierarchi-
cal structures seem to be very persistent and often hinder interdisciplinary cooperation.

Focusing on the practices of interdisciplinary as a field of research which is currently
not sufficiently analysed, one can find different types of interdisciplinary research prac-
tices. During the 19th century the model of one leading science (in many cases
physics) with many assisting sciences dominated the projects in natural sciences and
engineering. Many have argued that this model is no longer valid for the description of
interdisciplinary scientific projects (e.g. Barmark/Wallén 1986). Modern scientific pro-
jects are said to be much more horizontally designed, with different leading disciplines,
resulting in a hybrid governance structure of research projects (Rafohls/Meyer 2007).

Research questions in the field of interdisciplinary are thus not hard to find: Un-
covering practices and problems of interdisciplinary research remains an impor-
tant task for scholars of science and technology studies. For further research we
suggest to distinguish between general questions of interdisciplinary research
that can be applied to CT and specific problems with interdisciplinary that are
raised within a CT context. One of these specific problems within CT is the low
degree of interdisciplinary integration. Although this is true for the general level,
there is more research needed focussing on knowledge overlap at the local level
and the concrete level of individual projects.

With the absence of a common basis for interdisciplinary research it is neces-
sary to study the epistemic cultures (Knorr-Cetina 1999) of those cooperating

1 This might be changing as a result of the two-round national "competition" for
acknowledgement as "elite universities", where one element is the setting up of graduate
schools. One of the first "winners," the University of Karlsruhe, will reorganise its research
in problem-oriented programmes, while retaining the faculty structure for bachelor and
master level education.
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disciplines in order to get an idea what might be the obstacles for cooperation
that are caused by different styles of scientific reasoning. But there are also
some general issues of interdisciplinary that need attention in the CT context.

Institutional barriers should be analysed and applied to the needs of concrete CT
research.
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3.4 Ethical questions and the technology assessment view

It is apparent from analyses of the state of development of converging technologies,
that there is still a huge gap between the visions on CT and actual applications. As a
result, ethical and social questions related to CT have a tendency towards speculation,
including some that will be raised in this chapter. The applications of converging tech-
nologies that will necessitate the discussion of important social and ethical issues have
not yet been developed and are not likely to be developed in the foreseeable future.
Furthermore, future applications of convergence are very hard to predict. There may be
a whole range of applications or scientific fields that benefit from convergence but have
not yet been sufficiently explored or even discovered. The report by the European
HLEG "Forecasting the New Technology Wave" mentions a number of urgent problems
related to human health or the environment which might be addressed by converging
technologies or at least by interdisciplinary endeavours, which are simply not "sexy"
enough to have caught widespread attention and thus have taken a back seat in ethical
discussions of converging technologies to futuristic issues, such as the rights of hybrid
human-machine actors or the implications of memory amplification through external
memories interfacing directly with the human brain. Relevant contributions to the
analysis and discussion of real and possible future CT have been made by the Euro-
pean Group on Ethics which has, for example, worked on ICT implants in the human
body and on nanomedicine, from a broad ethical perspective.

Technology assessment looks at the technologies themselves and does not simply
reflect ethical questions without an examination of their relation to reality. Long-term
trends in these technologies have to be identified, but those now visible should not
necessarily be taken at face-value. Although most technological fields and applications
are not yet sufficiently mature for detailed assessment, it is timely and important to take
the possible ethical and social issues, resulting from currently visible stakeholder inter-
ests, into account.

A second point that is important to note before defining ethical questions, is that it is
very hard to separate ethics as a research field from social and legal issues. During the
workshop in Paris in October 2007, it was suggested that ethics should be discussed in
connection with the various social and legal issues, instead of setting up a separate
ethical discourse.

In the overall research for the CONTECS project, different social issues that are of in-
terest within the CT debate have been discerned. Some of them apply to specific appli-
cations or combinations of the converging technologies involved, and not the whole
quartet of NBIC. Other social issues apply to technology in general rather than specific
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technologies and thus not only NBIC convergence. Therefore, social issues can be
distinguished by different dimensions (see figure 3): Type 1 issues are CT-specific re-
search questions, SSH issues that could not be addressed when using an 'application
example' other than CT. Converging technologies themselves can be divided into indi-
vidual and collective technologies. The type 2 dimension is the interface between more
general SSH/STS research questions and CT-specific research questions. The working
hypothesis that this framework implies is that the more general SSH/STS research
questions (type 3) are questions that can be expected to rise as a result of random
technologies other than CT, e.g. nanotechnology, biotechnology, etc. In the type 3 re-
search questions, CT can be seen as an 'application example' for more general SSH
issues. Visions and ethics permeate all dimensions. These are general SSH topics as
all technologies bring with them issues concerning visions and ethics, but obviously
there are specific issues concerning CT. In this all-embracing position, visions and
ethics can serve as a communication function between type 1 and type 3 issues.

The question that arises from the working hypothesis underlying here is: Is there
something specific about the interface of SSH issues with CT? And if there is
something special, what are the specifics of CT? These would also be questions
of interest for a future SSH agenda.

Figure 3: Dimensions of SSH issues
1 2 3
Technology specific More general SSH/STS
Research Questions: Research Questions:
What 1z CT? >

- Governance and regulation

- Public engagement and
Interface participation
- Interdizciplinarity

- Invalvermnent of the 'real' 35H

Indrvidual Collective >
Technologies Technologies
[Enhancement] [Social transfor-

mation potential]

Visions and Ethics

At present, the SSH seem to be focusing almost exclusively on the enhancement
issue, while there are other social issues that also require attention and have a
similarly large social transformation potential, e.g. the matter of data protection,
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the right to privacy and liability for (ultimately programmed) autonomous sys-
tems. All of these issues can also arise as a result of CT applications.

The debate about enhancement raises several important matters. There are some
issues that seem intrinsic to the debate about cognitive enhancement, independent of
the method — NBIC-based or not — under examination or which individuals are involved.
The issues fundamental to the debate include: issues around what it means to be
human, human dignity, human nature, deference for nature and human diversity.
Additionally they include challenges to established concepts of personhood and
personal identity. Related to these issues are of course the questions of (self-)
determination and free will. Then there are issues that concern the feeling of
"cheating" that people have about cognitive enhancement such as work ethics,
aspiration, effort, and authenticity.

Ethical and social implications of cognitive enhancement will recur in every debate on
the subject. The debate on converging technologies has fuelled such debates, but the
discussions apparently again drift away from convergence to a more general debate of
the issue, usually in connection with existing possibilities, such as the conventional use
of drugs in the treatment of mental disorders, or currently outlawed applications, such
as doping in sports. While direct machine-brain interfaces are already functional, their
current use is restricted for purely technical reasons to severe disorders — applications
offering promise of enhancement require considerable technical refinement which is
currently a very remote possibility.2

Various enhancement methods may also be relevant with regard to the following:
a balance of benefits and harms (although in most cases, the risks are very un-
clear); issues around equity, coercion and pressure (social and economic as-
pects, such as disadvantages through lack of enhancement, implications of en-
hancement for economics); the basis for distinguishing a genuinely novel
method from conventional methods; the distinction between "natural” and "un-
natural” enhancement; tendencies of an intensified medicalisation; the distinc-
tion between permanent and temporary modifications of the human body. All
these issues are relevant when talking about cognitive or physical enhancement.

Then there are the more general social and ethical issues. Some questions in this area
are still only 'on the horizon'; they are unlikely to be an issue in the foreseeable future.
Even so, there is one issue requiring attention from the very start: the analysis and

2 Cf. on this matter the recent assessment by the British Medical Association: Boosting your
brainpower: ethical aspects of cognitive enhancements. BMA, November 2007.
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clarification of the borders between therapy, enhancement and recreation. There
is also the question of how to deal with norms, beliefs and value conflicts in the
course of CT development, e.g. whether there is any need to expose and discuss the
approaches and motivations of scientists active in the development of converging tech-
nologies. Important aspects are the relevance of an engineering approach in the con-
text of convergence as well as the idea that machines and human brains process in-
formation in an identical way — as insinuated by Minsky's "meat machine" metaphor for
the human brain. With regard to these and other fundamental issues, we should
notice and widen the focus of the CT debate on the context of Western civilisa-
tion. There is a need to take views from other cultural backgrounds into account.

Furthermore, there are the participatory questions, e.g. the issue of citizen in-
volvement in science and technology-related deliberation and decision pro-
cesses. CT will affect everyone; their consequences cannot be isolated and confined
only to active users: the choices of some will have an effect on others and on society
as a whole. Therefore the need for a broader public debate increases. It is important
however to strike a balance: On the one hand, it might be too early to discuss some
aspects of the CT debate as most applications are not even technically feasible yet, on
the other hand it might be too late if we wait too long.

Participation is faced with the well-known problem of timing: if it takes place too
early, information on the technologies, their applications and implications will
not be well-defined, but once there are actual applications it is difficult to find
any adequate means of regulation and for the consideration of citizens' perspec-
tives. Early debate on what is desirable and what less so provides those involved
in actual development with information useful to design technology. All currently
visible stakeholders should be involved in this debate; including policy makers,
researchers from a broad variety of scientific and non-hard-science disciplines,
doctors, insurance companies, companies with an interest in producing applica-
tions of CT, patient organisations, NGOs.

CT development is likely to have an impact on societal and legal systems. How
will we deal with this impact? Research should be conducted on mechanisms for
the regulation and shaping of scientific development. Governance and regulation
is for a large part dependent on a strong public debate. Therefore it is also the
responsibility of politicians to organise a timely public engagement. Education
will have to be arranged to further public understanding of CT and science in
general. Furthermore, the role and responsibility of scientists in connection with
specific novel applications requires discussion.
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For most of the converging technologies, when they become commercially available,
there is sufficient justification for their regulation, especially enhancement technologies,
as they potentially have many far-reaching effects. If these technologies become
available, policy makers will have to think about quality criteria for devices and
implants, and devise approval procedures for the use in therapy, rehabilitation or
for lifestyle/recreational use. Also, as a result of access to converging technolo-
gies, new divides within and between societies may emerge. This can be antici-
pated in advance and accordingly, international agreements can be made.

A first step in the governance of CT will be concerned with risks: risk characteri-
sation, risk assessment, risk management and risk communication. These
governance developments will, at least in Europe, mostly be guided by the precaution-
ary principle. Foresight (including 'vision assessment') can be used as a means for
achieving a broad societal consensus on desirable or likely future developments. In
order to produce a set of regulations that works, it is important to identify social,
individual, scientific, economical and political drivers and demands, and ways
and means to balance them. In order to recognise these, research platforms,
support structures and networks between the different disciplines could be
established.

There are some legal consequences of CT intervention as well: implications for
personal privacy and freedom, patient rights, responsibility, accountability and
security. Also, if it becomes possible one day to enhance humans; another issue
will be the legal status of these 'enhanced humans'. Furthermore, there is a danger
of criminal use by individuals, institutions or systems. Therefore, if this is to be regu-
lated successfully, then it has to be done through international rather than national
regulations.

However, there remain questions about the ability of national governments to
impose and enforce regulations on controversial areas of research and devel-
opment.
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3.5 Natural science taking over SSH domains: New deter-
ministic models of man

To 'naturalise’ a domain is to make it clear that it belongs to nature, and thus that it can
be accounted for with the sole help of the natural sciences. CT carries strong naturalis-
tic trends, yet at the same time it includes artificial projects; that these are not neces-
sarily contradictory was already an object for debate in the first phases of artificial intel-
ligence, and is a topic which is worth exploring in the new context of CT. However, in
this section we focus on naturalisation, and the apprehension with which naturalising
themes and programmes are met in both academic and lay circles.

Are the SSH reconcilable with CT?

There is little doubt that a major obstacle standing in the way of interdisciplinary
approaches involving CT and SSH is a profound distrust, and sometimes distaste, on
the SSH side, for 'naturalisation’. Uncontroversially, CT deploys tools from the natural
sciences in attempts to understand and/or change the human realm or condition, on
either the individual or the social level. This endeavour is sometimes, though not al-
ways, coupled with a rather derogatory view of the accomplishments and prospects of
SSH as traditionally conceived. Equally clearly, mainstream SSH, especially in the 20th
century, insist on a more or less total autonomy from the natural sciences, often
coupled with a militant conception of humanity requiring protection from the encroach-
ments of natural science and its accompanying reifying technologies.

It is therefore quite important to clarify the roots and presuppositions of this seemingly
irreconcilable difference, so as to facilitate a pluralistic, tolerant attitude within SSH, as
well as within CT: the aim is not to bring every current within each domain to get ac-
tively involved in or even favourable in principle to cooperation with the other side.
Rather, what one could hope for is a climate in which cooperation is regarded as mutu-
ally beneficial and not illegitimate or ill-conceived with regard to its scientific and practi-
cal goals. SSH teams could work on CT-related themes, or with CT people, without
thereby relinquishing their intrinsic connection with their disciplines.

'Hardening' the 'soft' sciences: previous attempts

Whether the sciences of man are real sciences, and whether, if so, they are or should
strive to be indistinguishable from the natural sciences, is a venerable issue, as old as
the social sciences and humanities (SSH) themselves. On the whole, those who de-
fend bifurcationism, according to which SSH are both genuine sciences and genuinely
different from the natural sciences (NS), have been the dominant voice. Monists are
usually regarded as reductionistic, deterministic and essentially false, naive or mis-



28 The agenda: SSH research and technological convergence

guided, although this position also has strong scientific proponents. We focus here on
features of the present situation which may point to a novel understanding of the prob-
lematic, possibly reinforcing monist arguments.

Formal and quantitative methods are accepted, albeit not necessarily highly valued,
components of traditional programmes within SSH. 'Scientific’ SSH, in the narrow,
‘hard' meaning of the word 'scientific', are familiar faces, especially in fields such as
economics, linguistics, geography, palaeontology, demography, sociology as well as
some provinces of history, political science, etc. A sometimes uneasy 'peaceful co-
existence' has long been established between formal and quantitative approaches and
mainstream, descriptive, narrative, phenomenological or hermeneutic approaches. The
need to 'harden' the soft SSH is always a matter of heated debate in the disciplines
concerned.

Two paths to naturalisation

So what is new? The answer, we believe (this is no straightforward matter of fact), is
twofold.

First, it is often claimed that formal approaches have reached a new level, having
matured and joined a new paradigm, complexity, which achieves a perspective in
which natural and human/social phenomena are not merely, as in previous eras, seen
as notionally united by virtue of a common structure, but also actually modelled in de-
tail, yielding rich descriptions and reliable predictions. The first and foremost mode of
naturalisation is by way of methods, carrying the shared commitment of working with
"complex systems", be they natural or social.

Second, another, very different, route towards naturalisation has re-emerged, after a
long eclipse extending into the 1960s. This is naturalisation in the original, strict or
narrow sense, via what used to be called natural history and has now broadened and
matured into the biological sciences, with a special role devolved to evolutionary biol-
ogy and ethology, on the one hand, cognitive and systems neuroscience on the other.
The second mode of naturalisation is by way of reduction or integration, an appeal to
human biology to account for the social.

Potential obstacles

This second branch of the naturalistic enterprise appears to many scholars in SSH as
the more threatening and dubious by far. For it is one thing to discover formal-mathe-
matical structure in human affairs; quite another is to treat the SSH as a mere province
of biology (a dramatic, and actually misleading way of putting it). Formalism may be
limited in scope, or outright sterile (as the critics insist), at least it doesn't altogether pull
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the rug from under SSHs' feet. For the task of uncovering the basic elements (the 'on-
tology') of the human order remains a daunting task which only SSH are competent to
achieve. Quantitative social science, even buttressed by complexity theory, may per-
haps predict how things will turn out, in favourable cases; they have nothing to say
about what it is whose outcome is of interest. Compare: mathematicians may help
meteorologists set up forecasting models; but only meteorologists can tell us what
scientific ontology the study of weather and climate calls upon. The basic categories of
SSH will never come out of complexity's hat: they have to be put there in the first place.

The distinction is especially clear when the denizens of the task domain misbehave—in
other words, when they fail to conform to their assigned role in the model. So if winds,
currents, tides, clouds, etc. don't quite conform to their specifications in the model, only
a meteorologist can fix the problem. This is of little import in the case of meteorology:
mathematics is so deeply embedded in the natural sciences that nothing much hangs
on the precise distribution of labour. When it comes to SHS however, it's a different
matter. Humans tend to resist in all sorts of ways to externally imposed categories, and
only the finest skills and the long experience of the social scientist can be of any help in
preventing the modelling enterprise from going hopelessly off track. So while meteorol-
ogy and say sociology or demography play the lead role in such junctures, with
mathematics (or complex systems theory) retrograded to their traditional function of
obedient toolbox, the kind of adjustment which the leading discipline needs to make is,
in the case of meteorology, naturalistic by definition, in the case of sociology or de-
mography, it is deemed to be of a deeply different nature: bifurcation all over again.

Thus it appears that formal-quantitative, complexity-theory based approaches in SSH
preserve, after all, the latter's specificities. By contrast, bio (neuro-cogno-evolutionary)
naturalism may seem to want to impose the one true scientific ontology to SHS. In
other words, while formalism doesn't necessarily imply reductionism, let alone elimina-
tivism3, bio-naturalism may carry reductive and even eliminative implications. For
should bio-naturalistic research programmes eventually show (or be allowed to falsely
convince us) that we humans are mere biological creatures, subject to both distal

3 Reducing a realm or level of reality X to another Y means, roughly, to show that objects
and processes of X can be fully accounted for in terms of Y. The arch example of scientific
reduction is the molecular theory of heat: heat is nothing over and above molecular
agitation, and temperature, the measure of heat, can be computed from kinetic parameters
measuring the degree of agitation of the molecules (this is of course a gross
oversimplification). However, this discovery does not make the use of heat and
temperature illegitimate. Elimination (of X in favour of or relative to Y), on the other hand,
implies in addition that X should be purged out of our scientific ontology: thus Galenic
humors are accounted for in contemporary physiology by complex metabolic phenomena,
and thereby ruled out of bounds of scientific medicine.
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(evolutionary) and proximal (physiological and mechanical) causation leaving no room
for any other type of fundamental determination, then indeed, or so the critics argue,
the age-old images of man on which SSH are based would be discredited, and main-
stream SSH would soon be displaced by biology, suitably extended.

Whether in fact the bio-naturalistic programmes are in a position to achieve extensive
reductions or elimination can be disputed on several grounds, ranging from a histori-
cally-guided reconsideration of what has been achieved on that count in the natural
sciences, to an empirical examination of what is actually afoot in these programmes.

A detailed examination of this issue, however useful in the academic context, hardly
suffices.

For (1) bio-naturalism is intrinsically more disquieting than traditional formal social
sciences because it lays claims on the individual, which for the most part was left alone
by formal approaches, generally solely interested in social, collective phenomena, and
content with a rudimentary, and much criticised model of homo ceconomicus4.

And (2) CT combine both kinds of naturalism, the formal-quantitative and the biological.
The (subversive) idea which to a large extent drives CT is that by uncovering the formal
or structural properties of certain phenomena, one reveals an essential feature of their
ontology. In other words, in the case of thought, for example, there may be no essence
hiding behind informational structure, although it is granted that there is a physical sub-
stratum realising the structure. This opens up an entirely new way of conceiving the
'moral sciences', making them accessible to a whole slew of methodologies belonging
or akin to the natural sciences, without (necessarily) jeopardising their mental and so-
cial dimensions. This is really quite confusing (to most people) and calls for consider-
able efforts at explanation and clarification. It also paves the way for the technologies
of artificial mind, body and life, which call for fresh ideas from SSH (including here spe-
cifically the humanities hiding behind the H).

4 It might be objected here that from Durkheim's work on suicide to contemporary economic
approaches of marriage (and other topics in ‘'freakonomics'), social scientists have very
much laid claim on the individual. Our point is that they have done so from the outside,
purporting to show that individual decisions, contrary to what appears to the agents
themselves, are to a large extent determined by social (usually economic) factors. In other
words, they make psychology irrelevant. Bio-naturalism, by contrast, holds psychology to
be of paramount importance: digging into the very heart of our mental processes is an
essential part of its programme, both for the sake of establishing a true, reasonably
complete, scientific psychology, and as an indispensable starting point for understanding
social and cultural phenomena.
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Naturalism seen as a threat to free will

But just as CT is more technology than it is (pure) science, the concern is even more
that of the citizen than is it that of the scholar. No doubt academics on both sides of the
NS/SSH divide need to gain a better understanding of the scope and outlook of na-
turalistic programmes, and it may be of comfort to the SSH to discover that come what
may, they will not soon be out of a job. On the other hand, outside academic circles the
worry is that man himself may be robbed of an essential attribute. And the most likely
victim, it often seems, is none other than freedom or autonomy: doctrines which seem
to imply that freedom from natural determinism is an illusion are considered with suspi-
cion, and technological ventures whose success is either dependent on material or
natural determinisms operating on the human being, or consists of effectively imposing
a new determinism, are viewed with abhorrence. CT may appear to add insult to injury,
siding with deterministic doctrines and attempting to impose new, partial or total,
modes of determinism.

The notion that man is what Spinoza calls an imperium in imperio, a self-governing
entity within the natural order, is deeply rooted in both commonsense and a long moral
tradition (which Spinoza himself opposed: see Ethics, Part lll, Preface). Dilthey gave it
a new twist, saving it from supernaturalism and thus making it compatible with an
atheistic worldview, by claiming that what makes an action the specific action what it is,
is not exhausted by its causal connections with the natural order: it is equally deter-
mined by the meaning which the agent gives it. This is the starting point for a philoso-
phical reflection on free will, and the extent to which it is compatible with natural deter-
minism. And it is also the point where many people outside academic circles want to
dig in their heels.

But can they? Again, the question for us is: Quid novo? After all, deterministic para-
digms in SSH have been around for a long time. Instances of natural determinism in
the mental realm by chemical means are as old as wine, a physical substance sought
after for its effects on the mental. They have taken on a much, much more significant
(and, to some, sinister) dimension with the advent of modern psychotropic drugs—fifty
years ago, long before CT! Mechanical naturalism was perhaps first illustrated by the
first man to get frontal damage from falling off a tree; trepanation was practiced in Neo-
lithic times and in Ancient Egypt.

The questions which beg to be taken up are thus not hard to find: Are there degrees
of natural determinism? Are artificial mood-altering or consciousness-altering
interventions more threatening or ethically worrisome than natural ones? Why is
Prozac more acceptable than electroconvulsive therapy? Is bionic intervention
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more of a threat to integrity than neuro-chemical or hormonal treatment because
(1) it is or seems more irreversible, or because (2) it is more mechanical?

This latter candidate explanation raises a deep issue, which is the role of and reason
for the resilience of what might be called 'folk dualism', the notion that we are com-
posed of two distinct parts, the physical and the mental. Bionics alters the physical
substrate, while chemistry 'only' alters the mental processes: somewhat surprisingly,
while cutting someone's leg off is deemed to preserve her integrity as a human being,
as a person, because it is merely physical, altering her mental processes by implanting
a neural chip seems dangerous because it is physical and not merely mental or psy-
chic. We need to study these untutored intuitions, in order to uncover their un-
derlying logic and to bring them in contact with scientific, technological and
philosophical developments, and thus to get a better grasp on the cultural dy-
namics which the increasingly powerful and varied means of intervention on the
human neuro-cognitive apparatus will beyond any doubt create.

These heady issues, having to do with the "nano-bio-cogno" part of convergence,
should not make us lose sight of more traditional concerns centred on the "info" com-
ponent. Where does legitimate decision-making aid stop, and where does mani-
pulation begin? When does an indexing or tagging procedure on the internet
start restricting freedom of information and impartiality? How much trans-
parency is compatible with the tranquillity required for making a considered in-
dividual choice? Is access to exhaustive, detailed archives regarding one's pub-
lic and private life, health, status, etc. a new human right? Need every one of the
6000+ languages still extant be provided with an automatic translation into every
other?

Some technological innovations are practically around the bend, and they carry pre-
dictably heavy consequences: today all our email communications are archived online,
and available for full-text search. Already the necessity of memorising information has
diminished. One can readily imagine the consequences of the same technology applied
to voice communication!

The reason why these, and hundreds of similar issues which have been on the agenda
for a while, have to do with CT is that they are part of the new Al agenda, which
agenda is in part already turning into reality via high power informatics and internet,
and is supposed to be fully achieved thanks to the convergence with the nano-info-bio
components.
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When is naturalisation acceptable?

To conclude, it would be worth exploring the following conjecture. Naturalisation
remains acceptable, both to a majority of scholars in SSH and to public opinion,
as long as what is being naturalised> is either a 'lower' cognitive faculty or that
part of a 'higher' faculty which consists of an empty form, vessel, space of formal
possibilities.

The former have a counterpart in non-human animals: for example, perception, naviga-
tion, motor control, elementary forms of memory. Examples of the latter include the
language faculty, reasoning or "decision-making". Thus, the biological underpinnings of
the ability to use language possessed by normal human subjects past the first few
years is an acceptable candidate for naturalisation. Similarly, it is OK to naturalise a
primitive form of logic, or of numeracy, and also OK to naturalise a general capacity to
imitate or otherwise relate to other human beings, etc. But naturalisation (on the view
we are conjecturing to be widely shared) cannot go beyond form and affect content.
Thus, what someone is bound to say, believe, aim for specifically on a given occasion
cannot be accounted for in naturalistic terms. As long as this boundary is not crossed,
free will, responsibility, individuality, etc., are held out of reach of the natural sciences,
and out of reach of technological intervention.

If this conjecture is false, it would be interesting to find out in what way and to
what extent, and look further for the roots of resistance to naturalisation. If it is
true, it would be interesting to study in great detail how the intuition is actually
spelled out, in particular how people (whether lay or expert) draw the line be-
tween form and content; and how the intuition holds up against counter-evi-
dence. It is important in this connection to emphasise that gaining a better un-
derstanding of intuition as a phenomenon, both untutored and deployed in phi-
losophy or scientific discovery, has recently become a goal for cognitive science
(especially developmental psychology, social cognition, cognitive and evolu-
tionary anthropology) and philosophy. And that considerable interdisciplinary
work is being deployed on the topic of social epistemology, briefly, the study of
collective beliefs in relation to individual procedures of belief acquisition and
change; this topic is approached both by naturalistically inclined investigators,

5 In both the strict sense of bio-naturalism and the loose sense of formal-quantitative
methods.
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close to cognitive science and philosophical naturalism, and social construc-
tivists who are generally at odds with a naturalistic approach to cognition, and is
thus a fertile ground for confrontation or collaboration.
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3.6 The role of enhancement and other narratives of con-
vergence

Assumptions, ideologies and visions on CT, their implications and their social transfor-
mational potential not only structure, but have, in a specific sense, generated the dis-
course on convergence. Visions of and references to the emergence of so-called "hu-
man enhancement technologies" constituted the framework in which the political and
ethical debates on CT developed.

A key to obtaining insight into the wide range of characteristics of the phenomenon CT
is to focus upon the ways in which different kinds of entity - human and non-human -
are performed, i.e. introduced and used, in the discourse. The discussions of CT em-
body key assumptions about the ontological landscape which accompanies, is encour-
aged by and is enacted in relation to CT. Our research (see appendix C) suggests
that attention to the ontological politics of CT can give insight into the kinds of
subject position, in a broadly Foucauldian sense, which are crucial to the take up
and acceptance of these new technologies. The contributions to the genesis and
shaping of the discourse on CT of various actors are therefore analysed with regard to
their specific positions within the relevant discursive and institutional fields. From this
perspective, we have started to examine the discussions on CT and what counts in
them as expert or "authoritative" knowledge.

The ontological politics of "human enhancement" encompass a broad variety of issues,
sometimes even including the consumption of coffee or the use of spectacles, which by
some actors in the discourse are described as a form of accepted human enhance-
ment. However, in the debate on CT the focus is on new, emerging and visionary tech-
nologies which are claimed, by ardent commentators (such as some promoters of the
US NBIC initiative and the "transhumanist" movement) and alarmed critics alike, to
transform basic features of the human condition. Visions of "human enhancement
technologies" range from rather concrete, project-related ideas, such as altering the
metabolism of soldiers or developing sophisticated brain-machine interfaces, to far-
ranging images of a posthuman future in which a man-machine-symbiotic terrestrial
civilisation expands into outer space. Some posthumanist visionaries have even dis-
cussed the possibility that humanity will be replaced by intelligent machines, while
others claim that a symbiotic man-machine hybridisation is mankind's only option to
avoid this scenario, which would marginalise humans rather than enhancing them.

One interesting characteristic of the debate on CT is the fact that it entailed a broad-
ening of discussions about posthumanity, "transhuman" forms of man-machine-sym-
biosis and "cyborgs" to include parts of the spheres of research and technology policy,



36 The agenda: SSH research and technological convergence

of the ethics of technology and of the natural and engineering sciences. Starting in the
1990s, these issues have already been discussed at length in fields such as media
theory and art, cultural studies, and "cyborg studies". These discussions took place
against the background of new conceptualisations in science and technology studies
(STS). Nowadays a wide-ranging consensus in STS asserts that straightforward dis-
tinctions between the "technical" and the "social" can no longer be taken for granted.
And even more traditional, philosophical approaches, such as the Habermasian critique
of the "instrumentalisation" ("Technisierung") of human nature, discuss radical trans-
humanist or posthumanist visions of "human enhancement" as examples for a fusion of
the organically grown with the technologically made.

Our investigations suggest that the distinction between the "technical" on the on
hand and the "social"/"human"” on the other hand is not adequately treated by
giving equal weight to both "sides" of the dualities, nor by saying they co-exist,
nor that they co-construct each other. Ontological politics comprise the pro-
cesses, practices, discussions, struggles and contentions whereby the existence
and character of entities are defined, constructed and brought into being. Cru-
cially, the distinction between technical and social/lhuman is one upshot of these
politics. The distinction is not given but, as with the nature and existence of the
other entities involved, is contingent upon these politics. The processes of on-
tological politics help define the focus and targets for CT. That is, these processes
articulate and specify the kinds of entity, the nature, for example, of transhuman beings
or cyborgs, which are claimed to be a result of CT. The success and take up of CT will
depend on the outcome of these ontological politics. In other words, the outcome
(effects, impacts, consequences) of the various moves, claims and performances of CT
will depend on the extent to which its ontological politics make available subject posi-
tions which are adopted and enacted.

In our view, the ontological politics of CT will have a direct bearing on the kinds of
issues and approaches which need to be considered by future SSH investigations into
this phenomenon. For example, a CT-related redefinition of what counts as human
(and transhuman) would have significant implications for what SSH can take as
their basic units of analysis. In this sense, CT are not just potentially transformative
of social and organisational life, they are also potentially transformative of the way so-
cial sciences and the humanities are done.

In the project, we have made some proposals on how to analyse the ontological politics
of convergence and already started with such an analysis.
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First, we have described the parallel constitution of the debate on CT and on
nanotechnology-related far-ranging visions and of intensified discussions about "hu-
man enhancement". We have also drawn attention to the historical "roots" of trans-
humanism and of extreme images of a posthuman future which relate to highly collec-
tivist visions of the first half of the 20th century. The recent and often extremely indi-
vidualistic adaptations of these visions serve as powerful instruments in the ontological
politics of convergence. It is important to note that these visions — "utopian" as well as
"dystopian" ones — often function as central elements of worldviews with deep roots in
the Western history of ideas and a political significance which exceeds research and
technology policy in a narrow sense (Coenen 2007). We have drawn attention to the
fact that members of the NBIC initiative in the US have not only advanced their trans-
humanist agenda in a humanist and individualistic rhetoric, but that they have also de-
veloped some totalising visions of individual and societal perfectibility, including ideas
for a large-scale, high-tech based social and "cultural engineering". These visions are
based on or derived from a wide range of intellectual traditions some of which are still
underexposed in the discourse on CT. One important consequence of our analysis is
that decisions about which social sciences and humanities approaches are appropriate
to understanding CT, are themselves shaped by the ontological politics in play. In any
case, a wide range of SSH may contribute to illuminate the historical antecedents
and formation of the discourse on CT, including the institutional and sociocul-
tural landscape in which it is situated.

Second, the project took a closer look at the ways in which ontology is enacted, kept
alive and performed in contemporary discussions about CT. The textual analysis of the
transcripts of four interviews with CT participants and of the protocol of a pertinent cy-
ber chat was based on the assumption that a text (the interview transcripts; the cyber
chat protocol) is constitutive of the phenomenon it describes (CT) as it introduces cer-
tain entities and performs relations - communities of actants/the moral order - between
them. We examined in detail the ways in which CT are constituted by (re)defining
boundaries between different constituencies/actants. The individual and collective ac-
tants to which various kinds of agency are ascribed include, for instance, individual
scientists, policy making bodies, corporations, and members of expert/public domains.
Specifically, we analysed the texts with regard to the questions of how expert member-
ship in CT was performed, how the dynamics of NBIC components was assessed, and
how they participants positioned themselves against the background of various redefi-
nitions of the human "essence". In the future, such analyses could be broadened
and deepened, also by taking into account other subject positions as well as
contributions to the debate on CT which are made by civil-society and policy ac-
tors.
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We found that the discussions about redefining the boundary between technology and
the human body involve deliberations about the dynamics of moral order. These, in
turn, involve the specification of which entities have the power to promote redefinitions
and which become subjected/get access to the transformation. It follows that we need
to look more closely at the proposals and assessments of processes purportedly
capable of redefining humanness, and of the moral ordering of such change. The
efforts by different constituencies actively to shape CT-related discourses can
be seen as a form of mutual "configuration” and might be analysed with a focus
on the circumstances of storytelling (for example, in public consultations) and
on which entities perform tellable stories about "human enhancement technolo-
gies" and other CT.

The analysis of the constitution of the CT discourse from an institutional and
historical perspective points to other possible elements of a CT-related SSH re-
search agenda. The hitherto existing discourse on CT displays some very special,
sometimes even bizarre ideological characteristics. However, based on our analysis
we may presume that the discourse is in some ways a possible blueprint for
future discourses on new and emerging technologies. With convergence possi-
bly becoming a paradigm for the political, societal and academic construction of
technology discourses, also at EU level, there might be lessons to be learned
from the debate on CT. The political construction of "nanoconvergence" in the US, for
example, provides evidence of the decisive role that major funding institutions play in
setting the agenda and even in determining the goals and major contents of activities
which are related to the ethical and social implications of S&T. EU activities on CT
have not been marked by the same marginalisation of academic and other non-
governmental contributors as was largely the case in the US. Moreover, the European
debate on CT is arguably characterised by a greater degree of diversity of actors and
views than is the political debate in the US. SSH fields such as the ethics of tech-
nology, the philosophy of science, sociological STS and cultural studies, dis-
ability studies, the history of ideas, utopian studies, theology, technology
assessment, future studies and policy analysis all might contribute to clarify and
to self-reflectively shape future discourses and their underlying assumptions.

In exchanging and communicating views, scientists, humanists, policy makers and
others contribute to emerging narratives about what, for example, are the promises and
pitfalls of "human enhancement". By engaging in these discussions they come to enact
and perform the essential ingredients of what CT actually comprises. One result of all
this is the emergence of what Foucauldians might call the CT subject position. CT dis-
course thus makes available appropriate ways of thinking and being a CT sub-
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ject and bears directly on the nature and extent to which CT will enjoy successful
take up.

In sketching these two ways of apprehending the ontological politics of CT, we have
hardly scratched the surface. By exposing, analysing and demystifying ontological poli-
tics, especially those associated with the posthumanist and, more general, the techno
futurist background of the most heatedly discussed visions, the SSH may be able to
draw more attention to issues that are largely neglected in the debates on CT.
These include: (a) more realistic or ethically urgent uses of "human enhance-
ment technologies” (e.g. drugs, deep brain stimulation, or future "mandatory en-
hancements"” for soldiers and other groups); (b) artistic, lifestyle and identity-
political forms or visions of "enhancement"” and modification (e.g. in architec-
ture, media art, science fiction, and queer politics); and (c) to distil socially
needed/accepted and individually required enhancements of man-machine inter-
actions out of the totalising visions of individual and societal perfectibility (as is
characteristic of the more radical visions). However, this would also require a
widening of the societal and ethical discourse on convergence. The ontological
politics of convergence might then become more difficult to handle, but also reflect
more accurately the diversity of European cultures and societies.

A close examination of the ontological politics of CT will also enhance our understand-
ing of the interplay of society and S&T more generally. To develop a programme of
analysis along these lines, the SSH may also: (a) analyse what is derived from
"speculative ethics” (Nordmann 2007) and what refers to real innovations and
convergences in debates about actual technoscientific developments, looking
for their antecedents, but also for new qualities; (b) assess NBIC and other
visions of the perfectibility of life and "human enhancement" against the back-
ground of traditions such as humanism, enlightenment thought and utopianism,
taking into account the insight of the contingency of the human condition and
religious views of human corporeality and mortality; and (c) analyse in what
ways and to what extent the designers, developers, advocates and users of CT
reinforce specific assumptions about the nature and operation of key concepts
such as individuality, humanness and cognition.
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3.7 A non-exhaustive list of relevant SSH fields

In this section, we summarise from the previous sections, which SSH disciplines and
research fields may contribute to a better understanding of the issues raised in the CT
debate and the shaping of processes of convergence. This will not be done in the form
of a systematic list making analytical distinctions, but in the shape of a catalogue.

-Research Policy Analysis: e.g. the analysis of funding of CT; the role of international
competition and cooperation; role of institutions and agencies; the strategic context of
CT initiatives

-Discourse Analysis: e.g. analysis of relations between policy actors, business, tech-
nology experts, NGOs and sociocultural movements in the CT debate; new forms of
governance; ontological politics of convergence

-Scientometrics: e.g. relevance of concepts of convergence; inter- and transdisciplinary
R&D

-Sociology of Expectations in S&T: e.g. relevance and role of visions; changing role of
science in society

-Philosophy and History of Science and Technology: e.g. epistemological challenges;
new modes of knowledge production; ontological status of CT developments; changing
paradigms of science and technology

-Ethics (Bio-, Nano-, Neuro-, Info-): e.g. distributive justice; human dignity; human en-
hancement and the topic of informed consent; free will

-History of Ideas: e.g. changing conceptions of man-machine interactions; interrelations
of utopianism, eschatology and technoscientific visions

-Theology: eschatological qualities of technoscientific visions; conceptions of human
nature and of the conditio humana

-Anthropology: e.g. man-artefact relations; trans- and posthumanism

-Cultural Studies: e.g. identity politics; R&D and science fiction; "posthumanist studies";
"cyborg studies"

-Disability Studies: e.g. prosthetic technologies; human enhancement; ideology of able-
ism; cultural impacts of CT and the related visions

-Technology assessment (including vision assessment): e.g. R&D Foresight; societal,
legal and ethical aspects of CT; relevance and role of visions; actor analysis; construc-
tive and real-time technology assessment
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-Innovation analysis and aconomics: e.g. innovation systems and CT; marketability of
CT developments; benchmarking

-Science and technology studies: several of the above-mentioned topics and, for
example, empirical analysis of processes of technoscientific convergence; participant
observation and other "ethnological" approaches by "embedded" social scientists and
humanists; systemic approaches

-SSH as enablers and mediators of the public dialogue on CT: e.g. citizen conferences,
"upstream engagement”, participatory technology assessment

-Cognitive Science: cf. Chapter 3.2; Cognitive Science as a "laboratory of conver-
gence"
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4 Summary and outlook

As our analysis has demonstrated the actual and potential relevance of technoscientific
processes of convergence is still obfuscated by conceptual problems and by the
impacts of a highly visionary and, in large parts, ideologically motivated discourse.
There is obviously a great need for a more refined concept of convergence and a more
nuanced and precise assessment of ongoing and emerging developments in science
and technology. While the NBIC quartet might still be a useful starting point for the
analysis of convergence, more differentiated conceptualisations are needed which also
take into account various modes of convergence and interdisciplinary. In Chapter 3 of
this report, we have presented some ideas of how to develop such a more nuanced
approach.

The relevance of new concepts of convergence in recent EU and national funding
schemes indicates that the CT concept, in spite of the only minor political relevance
and present inactivity of the NBIC initiative in the US, is here to stay. There are clear
tendencies towards overcoming the sociologically and philosophically naive concep-
tualisation of convergence which was advanced by the NBIC initiative and its transhu-
manist and other enthusiastic allies. In particular, the rather crude mix of individualism
with social engineering fantasies, the old-fashioned humanist framing of a transhu-
manist agenda, and the misrepresentation of cognitive sciences have impeded the
adaptation of the NBIC agenda in Europe and elsewhere. At the same time, the Euro-
pean ethical debates on CT and human enhancement, in which experts from North
America and other world regions often participate, display a high degree of diversity
and integrated religious, transhumanist and diverse secular positions into the discourse
in a less confrontational manner than in the US. Nevertheless, the discussions about
CT are also still an element of a wider discourse in which technoscientific visions func-
tion as media of an "encrypted" political debate on the history and future prospects of
modern societies. This debate deserves further attention by the pertinent SSH.

Beyond the hype and the problems of substantiating the concept of convergence for
practical purposes, there seems to be something in the concept that addresses "real"
developments in the scientific community and technoscientific practice. While the con-
cept of convergence is apparently still little more than an "artefact" of science policy,
accompanying research and transhumanist speculations, the relevance of inter- and
transdisciplinarity in some cutting-edge research activities as well as the substantial
funding of and investment in such activities demonstrate that convergence is, in a way,
already a fact. The mode of presentation of the NBIC concept by Roco and Bainbridge
may be flawed in many ways, but their goals are really worth attention and further
analysis. Even if one disagrees with their special framing of the issue of convergence,
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with their normative assumptions and their political agenda, it seems worth focussing
on the nature of their core points.

In this context, the question is of utmost importance whether too much attention has
been drawn to the topic of human enhancement even though there are other promising
areas where there the approach could be used, e.g. monitoring the environment, sav-
ing energy, contributing to a sustainable development or dealing with the chances and
challenges raised by the so-called "ageing societies". In fact, the strong focus on hu-
man enhancement in the CT debate might even be considered as a distraction from the
real problems our societies are facing today. It might be argued that to focus on the
human as a deficient entity that is ill or well is isolating human beings from their social
contexts and natural environments. At the same time, the focus on "human enhance-
ment" as well as the preoccupation with highly visionary scenarios might distract from
more pressing ethical issues. Frequently mentioned examples for this are neurotech-
nological developments such as deep brain stimulation. In this context, it is also argued
that CT are focused too strongly on enhancement of the individual — even those al-
ready advantaged in comparison with societal average — instead of attempting to en-
hance collective capabilities of societies or social groups.

Still rather underexposed are also possible short- and mid-term contributions of the
SSH to the shaping of innovative processes in the fields of technoscientific conver-
gence. Topics which are at the core of recent CT policy initiatives of the European
Union or nation states such as Germany have only very rarely been examined from
such a perspective. Cutting-edge research activities in fields such as prosthetic tech-
nology, sensory enhancement, smart system integration, robotics, nanomedicine, com-
puter vision, and new man-computer interactions, which are already funded by the EU
and member states, could profit from a more systematic integration of SSH perspec-
tives and research which includes not only ethical research, but also such diverse fields
as, for example, disability studies, social network analysis and media studies. As out-
lined above, the example of the cognitive sciences, in particular, demonstrates the
existence of underused potentials of SSH research for the understanding and shaping
of technoscientific convergence and its societal embedding.

SSH could also contribute to assessing the commercialisation prospects of emerging
and future CT, even with regard to the so-called human enhancement technologies
which, however, might raise a number of serious ethical issues. At the same time,
fields such as technology assessment, science and technology studies, economics, or
innovation research could significantly contribute to bridging the gap between visions
and applications of convergence and analyse in greater depth the chances and chal-
lenges which arise in actual R&D on CT and their funding and promotion. Given the
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known weaknesses of European innovation systems, it might also be worthwhile to
consider the funding of pilot projects which include ("embed") social scientists or hu-
manists into cutting-edge natural science or engineering research activities. And ethical
research could extend its role far beyond the traditional, largely reactive "watchdog"
function and instead help to shape innovation processes from the start, reflecting and
bringing in the cultural diversity of European societies, their values and creativity.

In our view, a strong engagement of a broad variety of SSH in the debate, analysis and
shaping of actual processes of technoscientific convergence could therefore decisively
contribute to the overcoming of one-dimensional and naive conceptions of these pro-
cesses and to the embedding of the dynamic developments in the NBIC fields into the
European Knowledge Society.
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Objective and scope

This paper is a reworked and extended version of deliverable 1.1 Part A titled "R&D
Trends in Converging Technologies" from August 2006. In the centre of the original
version was the analysis of the central documents of the NBIC (Nano, Bio, Info, Cogno)
respectively the CTEKS (Converging Technologies for the European Knowledge
Society) convergence and a confrontation of visions with the state of the art in the
respective scientific and R&D fields.

In the meantime we reassessed our preliminary structuring of the field, deepened the
analysis of the current research and technology development and gathered new
information on Social Science and Humanities (SSH) aspects of Converging
Technologies (CT).

Again a large part of the results presented in this paper stems from an extensive
analysis of the relevant and available literature as well as many Internet sources. Other
important sources for this deliverable were the expert workshop we organised in
October 2006 in Brussels, the personal and telephone interviews we carried out
between April and September 2007, and the discussions in the context of the workshop
"Converging Science and Technologies. Research Trajectories and Institutional
Settings" in May 2007 in Vienna, where the authors presented first results.

The central task of this deliverable is to contribute to an understanding of the
technological basis of Converging Technologies and to put the visions in the context of
current R&D activities. As such, it is a first step in the attempt to look more closely at
what is actually happening on a concrete level within and between the involved
disciplines and technology fields. In order to hear from the scientists themselves, what
they know and think of technological convergence, we carried out a series of
interviews, mainly with researchers and engineers in German research institutes and
universities. The results of the expert interviews were incorporated into the text.

Based on the technological insights and including notions of the main contributions to
the CT debate, specific SSH-aspects of CT can be identified. The SSH aspects of
interest here mainly deal with aspects of interdisciplinary co-ooperation, including
educational matters, governance questions and the function of the overboarding
technological enthusiasm, an aspect in the CT debate we called "salvation promises".
To sort out important aspects in this context, again a combination of document analysis
and expert interviews was applied. Assessments of SSH aspects as they were given in
the interviews are presented in a separate part of this paper.
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According to the twofold task of this deliverable, the paper is organised in two parts:
Part one deals with the structuring of the field and confronts CT visions with the state of
the art research. Part two discusses selected SSH aspects of the CT debate, relying on
prevalent CT visions and confronting them with SSH research traditions and current
trends as well as professional assessments of selected scientists.

Condensing technological as well as SSH aspects we provide two different narratives
of CT in the annex.
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Partl: The technology base for convergence

1.1 Introduction

To define the term "Converging Technologies" (CT) and to determine the areas where
convergence actually takes place or is considered to be necessary in the future is not
an easy task. On the one hand the term is so new that researchers are not aware of
convergence, even if they work in the middle of a converging discipline, busy with
technology developments in the classical overlapping of NBIC. On the other hand the
concept has developed a life of its own, brought up by a small number of science and
technology visionaries, picked up and promoted by major research funding
organisations and finally fuelling high expectations concerning the consequences of
convergence for science and society among policy makers and the public.

The concept of convergence as well as the visions and expectations have been de-
veloped in an expert discourse within an expert community, which is still relatively
small. The central documents, which are available for the analysis of the convergence
concept, are four conference documentations from the United States (U.S.) and the
reports from the High Level Expert Group (HLEG) in Europe.

The conferences in the United States took place 2001 in Washington D.C. (Roco and
Bainbridge 2003), 2003 in Los Angeles (Roco and Montemagno 2004), 2004 in New
York (Bainbridge and Roco 2006a) and 2005 in Hawaii (Bainbridge and Roco 2006b).
Central actors at these conferences and editors of the respective documentations are
Mihail C. Roco, who is the program manager of the National Nano Initiative (NIl) and
William Sims Bainbridge from the National Science Foundation (NSF).

Unlike the situation in the U.S., where the NBIC-debate is associated mainly with these
two persons, in Europe there is a whole group of researchers responsible for analysing
the CT development. The European Commission has set up High Level Expert Groups
(HLEG) that have produced the major European documents in this field (HLEG 2004a,
2004b; Key Technologies Expert Group 2005; Staman et al. 2004; Ringland et al.
2004; Bibel et al. 2004).

It must be stated that visions, scenarios and images of the future are important for the
emergence of new developments and the spreading of new concepts. However, due to
the overboarding enthusiasm of the main proponents in the CT debate, especially in
the U.S., it is sometimes difficult to separate hype from facts. What is more, the amount
and diversity of scientific fields and technology areas which are expected to come to-
gether in the future are so vast that it seems that in the end almost everything is about
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to converge. Therefore it is necessary to clarify what is understood by convergence on
a conceptual level and then to determine the concrete areas where convergence is
taking place or is expected to take place in the future.

Although conceptual questions of the CT debate are not at the centre of this paper,
some suggestions will be made. Part 1 of this paper focuses on the analysis of
concrete applications and technology fields as introduced by the proponents of the CT
debate. In that respect, our contribution can also be read as a discourse analysis since
its starting point is not the development of science and technology by its own but the
array of technologies and visions brought in by the supporters of NBIC convergence.

Apart from identifying and describing visions and projected application areas of the CT
debate, part 1 of this paper also attempts to provide reality-check wherever possible,
trying to separate science from science fiction by confronting the visions and
anticipated scientific breakthroughs with the state of the art of current research in the
respective areas. This reality-check may in turn contribute to the conceptual
understanding of the convergence process.

The aim of this paper is to capture the breadth of areas in science and technology that
may be affected by convergence. It thought to further the understanding of the
technological basis of the CT development and put the visions in the context of the
state of the art. As such, this paper can be seen as a collection of material and could
function as a starting point for further investigations.
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1.2 Converging Technologies: Concepts and delinea-
tions

Starting point for the analysis of convergence is the so-called NBIC tetrahedron (fig. 1),
originally proposed by Roco and Bainbridge in the documentation of the first NBIC-
conference, which took place in the year 2001 (Roco and Bainbridge 2003, p. 2). In
their overview article at the beginning of the book they claim that convergence is taking
place as a synergistic combination of four major NBIC provinces of science and tech-
nology, each of which is currently progressing at a rapid rate: (a) nanoscience and
nanotechnology; (b) biotechnology and biomedicine, including genetic engineering; (c):
information technology, including advanced computing and communications; and (d)
cognitive science, including cognitive neuroscience (Roco and Bainbridge 2003).

Figure 1: Convergence of Nano, Bio, Info and Cogno (NBIC) on a general level
/ X
| .
Cogno <« » Bio
b 4

/

rd

Nano

Source: Roco and Bainbridge 2003, p. 2

The assertion is that these sciences have now "reached a watershed at which they
must combine in order to advance most rapidly" (Roco and Bainbridge 2003, p. 2). As
structuring principles or building blocks for future technologies respective research
objects of the NBIC fields like atoms, genes, neurons and bits are accounted for (Roco
and Bainbridge 2003, p. 71f). What remains undecided in the article of Roco and
Bainbridge is whether convergence is something already under way, which comes
together under the new label of convergence, or something, which is called for in order
to enable scientific breakthroughs in the future. The book presents a mixture of these
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two aspects, blurring vision and current research thus making it difficult to identify
areas where convergence is really taking place.

The structure of the documentation at least suggests some concrete areas where con-
vergence might take place or is required:

- expanding human cognition and communication,
- improving human health and physical capabilities,
- enhancing group and societal outcomes,

- national security and

- unifying science and education.

In about 70 separate articles and statements, the different authors try to find evidence
of convergence taking place or collecting arguments why convergence should take
place in these selected fields.

In the European discourse, the question about which concrete research areas are
affected by convergence and the guiding principles has also been discussed. Bibel et
al. list a series of concrete research fields like artificial intelligence, sensors for smart
environments, DNA compression, etc. and allocate these within the different
overlapping areas of NanoBio, Nanolnfo, NanoCogno, etc. (Bibel et al. 2004). Based
on this list, one could draw a picture which is similar to the one by Roco and Bainbridge
but which adds an additional level of detail (fig. 2).

In their report "Converging Technologies - Shaping the Future of European Societies",
the High Level Expert Group takes a different approach: Not the application areas
where convergence might occur are of interest but the fields in which convergence
should function as a pacemaker for scientific breakthroughs and innovations. The
authors suggest that the European version of NBIC, called Converging Technologies
for the European Knowledge Society (CTEKS) should be focused on research topics
that are valued highly, thus initiating technology developments in the desired areas.
Five areas were identified where progress through convergence is considered
desirable (HLEG 2004a):

- Health ("lab-on-a-chip" technologies for fast screening and early diagnosis of

diseases; intelligent prostheses interacting with brain signals from patients and
transmitting sensory information back to them).

- Education (invisible knowledge space; learning objects and smart surroundings)

- ICT Infrastructure (environmental monitoring through ambient sensing devices to
alert agencies of pollutants and inform individuals about the distribution of aller-
gens; integration of information about food products, purchasing and consumption
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patterns, individual states of health, diet plans, and medical expertise to combat
obesity by advising individuals; integrated hybrid transportation systems and
decoupling of GDP growth with increasing traffic; natural language processing).

- Environment

- Energy (new energy carriers and forms of storage, new energy sources emulating
nature, exploring renewable energy sources; photovoltaic, hydrogen, geothermal
and solar energy researchers should work together with geologists, geographers,
anthropologists, and economists; intelligent dwelling, bio-mimetic technologies,
integrating photovoltaics in smart materials; incorporating environmental sensors in
information and regulation systems).

Figure 2: Allocating research areas to the overlapping areas of NBIC1
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Based on Bibel 2004, p. 58f

Source: Bibel et al. 2004, p.58

1 Due to lack of space the applications in the all-inclusive Nano-Bio-Info-Cogno overlap are
not included in the drawing. These are: Sensors and sensor nets, hybrid systems (half
cyberspace, half physical world), biological customisation, smart bacteria, full direct brain
link, mental immortality (Bibel et al. 2004, p. 59).
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Analysing the central documents of the NBIC debate in the U.S., like Roco and
Bainbridge 2003, Roco and Montemagno 2004, Bainbridge and Roco 2006a,
Bainbridge and Roco 2006b, and the CTEKS debate in Europe, like HLEG 2004a,
2004b, Key Technologies Expert Group 2005, Staman et al. 2004, Ringland et al. 2004
and Bibel et al. 2004 we used the following research question: What are concrete
areas in which the principles of convergence become obvious and relevant?

As a result of the analysis more than 100 application fields were identified from the
literature. The applications were then clustered into eight areas by subsuming single
applications and Research & Development areas under top headings. The resulting
eight areas are shown in figure 3.

Figure 3: Application areas in the CT debate as a result of the clustering exer-
cise
Neuro/ Brain Physical
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Taking conceptual approaches and our application clustering approach into account it
can be stated that the analysis of the debate on convergence can basically be carried
out from two different starting points: Convergence can be seen as an abstract concept
providing guiding principles for the general scientific development (top-down) or it can
be considered as something that is already occurring in concrete application areas
every day without a comprehensive planning and sometimes even without knowledge
of the concept (bottom-up, see fig. 4).
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The problem with these two perspectives is that the top-down approach is too general
and the bottom-up approach has not been consequently followed yet. There is a gap
between the general conceptual level and the concrete, practical level, which hints to
the fact that in the CT debate a framework is still missing, that could concisely connect
the application areas with the convergence concept and its visions.

Figure 4. Top-down and bottom-up approaches in the debate on converging
technologies
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Language and
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ment/ biomedicine
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- Nano-robot treatment - Smart fabrics

- Vision systems

Figure 4 is an attempt to translate these observations into an overview. It shows three
levels of concreteness, starting at the top from the least concrete level showing merely
the four core fields of convergence. From the sheer notion of convergence a series of
ideas and visions may originate which in turn might stimulate specific research on a
more concrete level or in concrete application fields. The transfer of methods, insights,
procedures, approaches, etc. from one discipline to another and new impulses from
visions of convergence may be responsible for new developments in the levels below
(top-down perspective).
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On the other hand there is the bottom-up approach, where new research results give
rise to new visions, as singular successes in the application fields may generate more
general expectations about what might be achievable in that area in the future (bottom-
up perspective).

Our approach is to take the bottom-up approach seriously and to examine research
and technology development at the level of single researchers, research groups,
disciplines or technology development areas rather than from the visionary point of
view. Based on the knowledge of the research going on in the different fields, it is
hoped that statements about the impacts of the concept of convergence can be made.

As stated above, the importance of visions is undisputed. An example of their effect is
the current development in nanotechnology (cf. for example Ldsch 2006). For
Converging Technologies one important source of the visions is Bainbridge 2006. His
collection of visions will be used in the following as an entry point, adding more visions
from other CT-related documents as we proceed.

After presenting the visions, the state of the art in the respective field is determined. In
a project like CONTECS, which has the Social Science and Humanities (SSH) aspects
at its centre, such a state of the art review covering a wide range of technological areas
can only be done to a certain extent. Besides the overview articles concerning
covergent technologies in general also articles covering parts of the NBIC subject
matter were considered for the analysis (for example van Lieshout et al. 2006;
Silberglitt et al. 2006; Shmulewitz et al. 2006; Grillner et al. 2005).
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1.3 Visions and state of the art in converging science
and technology fields

1.3.1 Neuro/Brain Enhancement

Visions

The main goal of neuroscience research with its study of the nervous system is to
understand how the human brain works. In order to achieve this goal it is necessary to
analyse single neurons and the communication processes between them as well as the
functioning of more complex cell structures and whole brain regions like the amygdala
or the basal ganglia. It is hoped that one day scientists will be able to wholly
understand and describe the biochemical and neuroelectrical processes associated
with human intentions, impulses, feelings, beliefs etc. and to transfer that knowledge in
terms of formally well-defined processes (Bainbridge 2006).

With regard to medical applications the treatment of neurodegenerative diseases like
Alzheimer's or Parkinson's disease and mood disorders as well as the restoration of
lost senses like vision or hearing are relevant research areas in the neuroscience area.
In a vision of Bainbridge disabilities such as blindness, deafness and immobility states
will be overcome by the year 2035 through assistive technologies (Bainbridge 2006,
p. 343).

Besides this, the stimulation and enhancement of the human brain with the help of
pharmaceutical products, genetic modifications or technical devices, such as implants
or neural prostheses, is envisioned. To be more concrete, pharmaceutical products
could prevent sleep deprivation, stimulate creativity or enhance memory and/or
cognition (Goldblatt 2003, pp. 339-340). Another long-term goal is the development of
technical devices that once may act as surrogate brain structures or even as "external
memory extensions". For example Robinett states, that a "detailed understanding of
how human memory works, where the bits are stored, and how it is wired will enable
capacity to be increased, just as you now plug additional memory cards into your PC."
For installation, a means of doing microsurgery is required (Robinett 2003, p. 168).

Bainbridge even expects that by the year 2050 brain functions and the brain as a whole
could be modelled and simulated within a computer. He assumes that by this time a
whole range of new research tools will be available to chart the structure and functions
of the human mind allowing for a complete mapping of the connections in the human
brain.
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One of the projected tools might be wearable brain imaging technologies. As Chance
and Kang expect, wearable brain imaging technologies will be available soon which will
enable applications such as identifying children with learning disabilities, assessing the
effectiveness in teaching techniques as well as identifying the emotional state of a
human being (Bainbridge 2006, Chance and Kang 2003, p. 226).

A further and even more far-reaching vision formulated by Robinett is the substitution
of eyeballs with new high-resolution electronic eyeballs, which could directly be
"hooked up to the optic nerve" (Robinett 2003, p. 167).

State of the art
Understanding Thought Processes and Neuroimaging

Regarding the current state of neuroscientific research one could say that the
processes on the level of single neurons ("bottom layer") as well as the functioning of
greater parts of the brain ("top layer") are quite well understood. Responsible for
progress in the latter area are new and improved neuroimaging methods like fMRI
(functional magnetic resonance imaging), EEG (electroencephalography), and PET
(positron emission tomography). However, little is known about the behaviour of cell
structures consisting of up to several thousand neurons ("middle layer"). Furthermore,
neuroscientists state that it is necessary to develop a multi-level approach which links
together the different fields of investigation in order to reach a higher level of un-
derstanding (Elger et al. 2004, p. 31; Grillner et al., 2005, p. 614).

At the moment such a multi-level approach is far from being realised and the function-
ing of the brain is only partly understood. Nevertheless, a wide range of therapeutic
approaches for the different brain-related diseases or impairments as well as possibili-
ties of brain enhancement already exist today.

The enhancement of particular brain functions or rather the improvement of one's abil-
ity to learn with the help of different concentration-, meditation- and learning-techniques
could be considered as natural means of brain-enhancement. This also counts for
deliberate changes of maternal diet, which can influence the development of the foetus'
brain in a positive way (Sandberg and Bostrom 2006).

Apart from "natural approaches" and the stimulating effects of caffeine or common
herbs and spices, today there are several pharmaceuticals commercially available
which influence the functioning of the human brain in different ways. The most famous
examples are pharmaceuticals like the anti-depressant Prozac (active pharmaceutical
ingredient: Fluoxetin) or the sleep-regulating drug Provigil (active pharmaceutical
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ingredient: Modafinil). In fact, some of these drugs are already called "cosmetic
psychopharmaceuticals" because they are used by people who are not ill. Instead, they
are used in order to overcome shyness or to be able to work up to 40 hours without
sleep.

Furthermore, memory drugs are being developed for the treatment of age-related cog-
nitive decline. Currently, more than 60 pharmaceutical and biotechnology companies
are working on these substances, with about 40 drugs already at the stage of clinical
trials. The drug Memantine, which was developed for the treatment of moderate to se-
vere Alzheimer's disease, has already been approved by the U. S. Food and Drug
Administration (FDA) in 2003 (Sententia 2006, pp. 154-156). Additional examples are
the modulation of working memory by cholinergic drugs or drugs that regulate the do-
pamine system and the improvement of learning abilities with the help of amphetamine
(Sandberg and Bostrom 2006).

Thus, certain possibilities of drug-based brain-enhancement already exist and the
research in this area has made some progress. Moreover, pharmaceutical companies
which focus on the development and the commercialisation of memory enhancing
drugs, like Cortex Pharmaceuticals, Memory Pharmaceuticals have been founded
(Farah et al. 2004). Nevertheless, it has to be stated that intelligence-enhancing drugs
or even "neurochemical brain modulators with high efficacy and negligible side effects
which will cure mental illness and expand artistic expression" as described in the
Bainbridge-report from 2006 will only be available in the long run. Silberglitt et al.
(Silberglitt et al. 2006) state that it is "unlikely" that such drugs will be produced in the
year 2020. Additionally, Bainbridge estimates that the just mentioned "brain
modulators" will be commercially available in 2030 (Bainbridge 2006, p. 342).

Genetic enhancement

Given the current advances related to the targeted genetic modification of different
kinds of organisms, the idea to enhance certain brain functions via genetic
manipulation seems to be a logic consequence. The ever increasing amount of detailed
biological and genetic information already enabled the identification of genes
associated with behavioural and emotional traits and with the creation and
maintenance of memory. For example, genes could be identified which are associated
with interpersonal relationships or social cohesion and parent-child connections
(Silberglitt et al. 2006, p. 149). Additionally, some targeted manipulations have already
been tested with animals. For example, one group of researchers including the Nobel
Prize winner Eric Kandel created fearless mice. Within the brains of these so called
knock-out mice, the production of the protein stathmin was blocked. As a result, the
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mice boldly explored experiments instead of being hesitant like normal mice. They also
failed to develop a fear of cues that have been associated with electric shock
(Shumyatsky et al. 2005, pp. 679). Another example is mentioned by Sandberg and
Bostrom: In a comparable study rats could be made smarter by a manipulation of the
NMDA receptor. However, these rats appeared to be more sensitive to certain forms of
pain. In other experiments, improvements of memory could be achieved by increased
amounts of brain growth factors and the signal transduction protein adenylyl cyclase
(Sandberg and Bostrom 2006, p.20).

With regard to humans, genetic studies identified genes whose variations account for
up to 5% of memory performance variation. These include the above mentioned genes
for the NMDA receptor and adenylyl cyclase making them possible targets for genetic
enhancement approaches (Sandberg and Bostrom 2006, p. 21). Furthermore, studies
which focussed on the genetics of intelligence revealed that a large number of genetic
variations influence the intelligence of individuals while each one taken alone has just
limited influence. Hence, the genetic enhancement of intelligence through "the direct
insertion of beneficial allele is unlikely to be efficient" (Sandberg and Bostrom 2006,
p. 30).

So despite the results that were achieved in the above mentioned animal experiments
the targeted enhancement of human intelligence by genetic manipulation is not yet a
method, which researchers expect to be successful in the short-term.

Implants and prostheses

Regarding technical devices, the most established non-invasive technique to influence
neuronal processes in the brain is the Transcranial Magnetic Stimulation (TMS)
method, where rapidly changing magnetic fields induce currents in the brain and
thereby activate brain nerves. The potentials of this method as a treatment for severe
depression, drug-resistant epilepsy, auditory hallucinations and tinnitus are currently
investigated. Apart from that, Sandberg and Bostrom state that TMS could positively
influence motor learning-tasks, visuo-motor coordination, finger sequence tapping and
even declarative memory consolidation during sleep (Sandberg and Bostrom 2006).
Furthermore, researchers at the Defence Advanced Research Projects Agency
(DARPA) are trying to develop a sleep-regulating device for Air-Force-pilots, which is
based on TMS (Buse 2003)2. However, there seems to be great interindividual variety
in responses making careful testing of suitable stimulation intensities, frequencies and
locations necessary (Sandberg and Bostrom 2006, p. 27).

2 http://www.spiegel.de/spiegel/0,1518,238157,00.html
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Another non-invasive approach which was patented by Sony3 can also be mentioned in
this context. An external device that fires ultrasound into certain areas of the brain can
influence firing patterns in the targeted regions — creating 'sensory experiences' such
as taste, sound or moving images. Although no experimental evidence exists that this
method actually works, experts like Niels Birbaumer, neuroscientist at the University of
Tlbingen in Germany, state that the approach seems to be plausible (Hogan and Fox
2005)4.

In addition to these non-invasive methods several invasive therapeutic approaches
exist which aim at the restoration of senses or certain physiologic functions. For in-
stance, Shmulewitz et al. list a series of companies which already have succeeded or
are still trying to produce such devices. "The combination of miniaturised
microelectronics, novel biomaterials and adaptive signal processing techniques has
created the possibility of building artificial neural implants - spurring new ventures such
as IMI (Intelligent Medical Implants in Zug, Switzerland), Optobionics (Naperville, IL,
USA) and Cyberkinetics (Foxborough, MA, USA)." With regard to the restoration of
senses two important areas of research are hearing and vision implants (Shmulewitz et
al. 2006).

Concerning hearing implants for deaf or hearing-impaired people two kinds of neuro-
implants exist: Cochlear implants and auditory brainstem implants.

Cochlear implants are on the market since three decades and several thousand of
them have been introduced since. The basic parts of a cochlear implant are an external
device consisting of a microphone, a speech processor and a transmitter and an
internal device, which is placed under the skin behind the ear. The internal device
includes a receiver, a stimulator and an array of up to 22 electrodes that stimulate the
auditory nerves. Concerning the efficacy of cochlear implants, it has to be stated that
the ability to understand speech or to listen to music remains limited (van Lieshout et
al. 2006, pp. 50-51).

Auditory brainstem implants also consist of an external and an internal part. The major
difference in comparison to cochlear implants is that the internal part is implanted into
the brain and stimulates the area that normally receives the electrical signal from the
ear directly. They have been commercially available since 1990 but only a few hundred
devices have been implanted until today (Bolz et al. 2005, p. 43).

3 Patents: US 6,536,440 B1 (granted in march 2003) and US 6,729,337 B2 (granted in may
2004)

4 http://www.newscientist.com/article.ns? id=mg18624944.600
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Vision implants are more complicated compared to hearing implants. Currently, three
different approaches are under development: epiretinal, subretinal and cortical im-
plants.

Epiretinal implants consist of a camera and an implant, which is placed onto the retina
and coupled to the ganglion cells and their axons. The image-information from the
camera is processed and then transmitted to the implant, whose electrodes stimulate
the neurons. Clinical tests with retinitis pigmentosa-patients showed that the patients
were able to detect patterns in a pre-defined test-environment after a short training
period (Bolz et al. 2005, p. 11). Furthermore, there are already enterprises that develop
and produce epiretinal implants like Second Sight (USA) or Intelligent Medical Implants
(Switzerland).

Subretinal implants contain thousands of light-sensitive microphotodiodes. They are
implanted between the pigmented epithelium and the outer layer of the retina. The
photodiodes convert light into currents, which then activate microelectrodes stimulating
the retinal neurons. At the moment, there is only little information about the efficacy of
these implants available, as the first clinical tests have just begun.5 Consequently,
commercial sales of subretinal implants are not expected to start before 2009 (van
Lieshout et al. 2006, p. 54; Merabet et al. 2005, p. 72).

Cortical implants are based on the direct stimulation of the optic nerve or the visual
cortex. Either a four-contact cuff-electrode placed around the optic nerve or the stimu-
lating electrodes are directly introduced into the brain. The image-information is gener-
ated by a camera and an external processor and then sent to the implant via a wireless
signal transmission (Merabet et al. 2005, p. 72). Although these implants are at an
early development stage cortical vision prostheses have successfully been tested on
retinitis pigmentosa-patients (Bolz et al. 2005, p. 49). According to Merabet et al., a test
person was able to recognise orientation of lines and could also distinguish some
shapes or even letters after four months of training.

Despite the overall progress that is made with regard to vision prostheses it has to be
noted that the majority of the 'artificial eyes' was developed for people who suffer from
diseases like retinitis pigmentosa and macular degeneration (Cohen 2007). These
represent a minority of the blind — yet, there are no comparable solutions available for
people who were born blind (Wickelgren 2006, p. 1124).

5 See for example: www.retina-implant.de/en/patients
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Regarding research activities, which focus on the restoration of physiologic functions
one important example, are the so called Deep Brain Stimulators (DBS). They were
originally developed in order to ease the symptoms of Parkinson's disease and are
functioning like pacemakers. A thin wire is placed in a particular part of the brain that
controls movement. This wire is connected to an impulse-generating device, which is
implanted under the collarbone making it possible to directly stimulate the patient's
brain with electrical impulses. Today, DBS is also approved for dystonia, a degenera-
tive brain disease such that over 20,000 of these systems have been implanted until
now. Additionally, researchers are exploring the potential of DBS for other disorders
like chronic pain, spinal cord injuries, epilepsy, depression, muscle spasticity and urge
incontinence (Bolz et al. 2005, pp. 7, 50-52; Stieglitz 2006, p. 102).

With regard to non-medical purposes Sandberg and Bostrom state in their report, that
an improvement of procedural learning by direct electrical stimulation of the basal gan-
glia was demonstrated in monkeys (Sandberg and Bostrom 2006, p. 25).

Neuroscience nowadays involves a variety of scientific disciplines like biology,
psychology, computer science, physics, and medicine and utilises methods and tools
from different research areas. Neuroscience researchers are convinced that progress
can only be made through an intelligent combination of disciplines like nano- and
biotechnology, information technology, genetic engineering and cognitive science.
Thus, "Neuro/Brain enhancement" as a research field stands at the centre of the CT-
debate. It attracts the largest share of attention due to its plans to simulate and
manipulate brain processes, which - if realised successfully - could directly affect our
concepts of the human self and identity.

1.3.2 Physical enhancement and Biomedicine

Visions

The enhancement of the human body as a natural counterpart to brain enhancement is
a field where the convergence of different scientific disciplines and technologies is ex-
pected to lead to radical innovations. As Shmulewitz et al. point out, convergence in
biomedicine will be the basis for new products, processes or devices: "When applied in
the life sciences, the result is a new approach to prevention, screening, diagnosis,
therapy, monitoring or disease management". In fig.5 possible emerging fields,
devices, etc. are indicated in the overlap between the bio-, nano-, and info-technology
sectors (Shmulewitz et al. 2006, p. 277).
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Figure 5: Convergence in the biomedical sector
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Further advances in bio- and nanotechnology are expected to lead to novel therapy
methods and the possibilities of enhancing the physical capabilities of humans. Thus,
the following categories might be strongly influenced by the converging technologies:
Therapies, Genomics and "Spare Parts".

The first category Therapies involves the use of nano-sized sensors and lab-on-a-chip
systems for patient monitoring and diagnostic purposes. They should enable an earlier
and more exact detection of diseases. Furthermore these systems should be the basis
for decentral point-of-care applications - making central laboratories more and more
obsolete. Also, a substantial part of research interest concentrates on solutions for
targeted drug delivery. It is hoped to be able to create nanotechnology-based drug
delivery systems, which are characterised by a very high specificity and enable the
delivery of drugs in new ways. Another visionary approach which is often mentioned in
the mass media also belongs to this category: nanorobots that move through the blood
vessels and perform surgeries inside the body (Freitas 2005). Bainbridge states that in
2050 "nanorobots will perform surgery and administer treatments deep inside the
human body" (Bainbridge 2006, p. 344).

The second category Genomics encompasses the two closely related areas of phar-
macogenomics and pharmacogenetics. Pharmacogenetic studies suggest that the re-
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sponse of individuals to different drugs can be predicted on the basis of genetic tests.
As this would allow the development of pharmaceuticals that are tailored to the indi-
vidual genetic makeup, pharmacogenomics and pharmacogenetics represent important
elements of the trend towards the so called personalised medicine. A further compo-
nent of genomics is research interest focusing on gene therapies.

As the label "Spare Parts" already indicates the third subset consists of research pro-
jects, which aim at the replacement of different parts of the human body or even the
enhancement of their respective functions. Hence, one element is the development of
exoskeletons that enable persons to carry high loads over long distances. Further im-
portant research areas are tissue engineering and regenerative medicine in general as
well as the development of nanocoatings for implants and surgical instruments that
prevent inflammatory responses.

State of the art
Therapies

Although nano-sized sensors and lab-on-a-chip systems to monitor physical processes
fall in the category of biomedicine and therapies, they are not described in detail here
but in section 3.5. This is because they form a central application field in the CT
debate, which is well worth separate attention.

Also, the area of synthetic biology as discussed in section 3.3 is strongly related to
fields, such as biomedicine, nanorobotics, nano-sized sensors, etc. and extends the
medical aspects discussed in the present section to the more general aspects of
biological engineering.

Thus, this section directly starts with the concept of drug delivery. Fundamental to the
concept of nano drug delivery is the fact that nano-engineered materials can be used in
order to release drugs at particular locations in the body. Thereby it is possible to
reduce side effects and to reduce the required volume of drugs. For example, nano
drug delivery systems that target only cancerous cells represent a very effective means
to treat cancer (Silberglitt et al., 2006, p. 174).

At the moment, nanoparticle-based drug delivery is the area within nanomedicine re-
search with the highest level of activity (Wagner and Zweck 2005, p. 30; de Groot and
Loeffler 20066, p. 17). While the first related products were commercialised in the early
1990s, today there are about 100 products in the pipeline. Most of the currently avail-

6  http://www.nanoroad.net/download/roadmap_mh.pdf
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able systems are first generation products, which were formulated as nanosuspensions
in order to increase the solubility of drugs. Advanced second generation delivery sys-
tems aim to improve the pharmacokinetics of therapies and will also enable drugs to
cross biological barriers (e. g. the blood brain barrier). Given the fact that none of the
current delivery systems makes use of active targeting based on antibodies or ap-
tamers this represents another field for future research (Wagner and Zweck 2005,
pp. 30, 41 and 54). Overall, present R&D-activities on nanoparticle-based drug delivery
focus on the following needs and problems (Wagner and Zweck 2005, p. 53; de Groot
and Loeffler 2006, p. 17):

- Reduction of side effects of drugs: As many drugs are not specific and also accu-
mulate in healthy tissue, nano delivery systems are under development in order to
solve this problem ('targeted drug delivery'). Examples are liposomes, polymeric
nanoparticles, and polymer-drug conjugates.

- Delivery of labile biopharmaceuticals: Therapies based on biopharmaceutical drugs
often struggle with problems caused by poor stability of the active component. One
strategy to deal with these problems is to create polymer-protein conjugates with
the help of synthetic polymers.

- Enhancement of the solubility of drugs: Nearly half of the drugs currently under
development are poorly soluble. Hence, the surfaces of some drug powders are in-
creased by formulating the respective drugs as nanosuspensions, which leads to a
higher solubility. Some nano-enabled reformulations are currently in clinical trials
(Silberglitt et al. 2006, p. 194-195).

- Transport of drugs over biological barriers: Biological barriers like the blood brain
barrier, the dermal barrier or the gastrointestinal tract often affect the transport-
mechanism of drugs such that many nano-based drug delivery systems are de-
veloped in order to overcome these barriers. Research in this area is of particular
importance for therapies against brain cancers and neurodegenerative diseases.

- Gene therapy: An essential part of gene therapies are the so called vectors. These
vectors deliver the therapeutic gene to the target cells where it is inserted in order
to substitute the disease-causing gene. Current therapies are based on viral vec-
tors, which bear a high risk of pathogenic effects. Consequently, present research
focuses on alternative non-viral solutions like liposomes or polymers.

Regarding the current state of nanoparticle-based drug delivery it can be stated that
those therapies that are already in use or rather in clinical trials mainly focus on cancer
and fungal infections (ESF 2005, p. 45)7. Nanomedicines, which will enter clinical rou-
tine within the next five years, include antiviral agents and drugs for the treatment of

7 http://www.esf.org/publication/214/Nanomedicine.pdf
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arteriosclerosis, chronic lung diseases, and diabetes. Additionally, gene therapy and
tissue engineering are further potential areas of application but it is estimated that it
may take about 10 years until the first nano-based solutions become available (ESF
2005, p. 20).

Genomics

As already mentioned above, in the field of genomics pharmacogenomics and
pharmacogenetics represent important components. Both deal with the influence of
genetic variations on drug response and are therefore important approaches towards
the so called personalised medicine. As it is estimated that 20 to 95 % of the variations
in drug disposition and effects are caused by genetic differences these two areas of
research offer the potential to improve the efficacy of drugs and to minimise their
adverse effects (Evans and McLeod 2003, p. 538).

The science of pharmacogenomics focuses on the entire genome and is based on the
identification of sites of variation in its sequence — the so called Single Nucleotide Poly-
morphisms (SNPs). It examines those variations that determine drug response and
tries to figure out how they can be used to predict the response of different patients to a
certain drug (Weatherall et al. 2005, p. 10)8. In contrast to that, pharmacogenetics
concentrates on one or at most a few genes and analyses the single gene interactions
with drugs.

Regarding the potential benefits of the research activities in these two areas it is
hoped, that SNP screenings will improve the process of drug development and testing
as they will make it possible to exclude those patients from clinical trials who would not
benefit from the respective drug or who would even suffer from adverse effects. As a
result, clinical trials could be smaller, faster and thus less expensive. Additionally, it is
hoped to increase the physician's as well as the patient's confidence in prescribed
drugs by pre-assessing an individual's reaction to a certain drug?®.

In order to illustrate the current state of pharmacogenomic and pharmagogenetic re-
search the following paragraphs contain exemplary results of present-day studies.

- For example, recent studies on the drug metabolism showed, polymorphisms in the
so called cytochrome P450 genes are one of the most important genetic causes of
variations in drug-responses (Weatherall et al. 2005, p. 7). The reason for this is
that the products of the cytochrome P450 genes are active in the liver and also

8  http://www.royalsoc.ac.uk/displaypagedoc.asp?id=17570

9  www.ncbi.nlm.nih.gov/About/primer/pharm.html
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break down many drugs. Consequently, the use of a drug as well as the dose may
be biased by polymorphisms in these genes. The CYP2D6 enzyme for instance,
whose corresponding gene belongs to the cytochrome P450 group, is involved in
the metabolism of about 25 % of all prescribed medicines, including some beta-
blockers, antidepressants, and anti-psychotic drugs. Hence, Roche Diagnostics de-
veloped a gene-based test, which is able to detect poor, intermediate, extensive or
ultra-rapid metabolisers according to variants in the CYP2D6 gene. One of the first
applications of this test might be in hospital-based psychiatry (Weatherall et al.
2005, p. 11).

- Another well-known example is the breast cancer drug Herceptin that was
approved in 1998 and apparently helped only one fifth of the patients. As it turned
out, these patients had a mutation in their tumour cells, which the others had not.
Later on, the company Genentech started selling Herceptin in combination with a
diagnostic test ('HER2-test') that could identify those patients who would benefit
from the drug (Hennen and Sauter 2006, p. 9-11)10.

However, only few comparable drugs became available since then. Altogether, there
are about 20 approved drugs - predominantly in the field of cancer - "where reference
to genetic testing is made in the drug labelling or package insert as a guide to how the
drug should be used" (Weatherall et al. 2005, p. 15)11.

Regarding currently available pharmacogenetic DNA-tests, Hennen and Sauter list
seven different tests in their report (Hennen and Sauter 2006, p. 13; cf. Weatherall et
al. 2005, p. 17). The majority of them focus on the already mentioned polymorphisms in
cytochrome P450 genes.

Overall, none of these tests had significant impact on clinical practice until now (Hen-
nen and Sauter 2006, p.14; Weatherall et al. 2005, p. 13). Therefore, it could be stated
that it is unlikely that pharmacogenetics will "revolutionise or personalise medical
practice in the immediate future" (Weatherall et al. 2005, p. 1). Nevertheless, industrial
researchers expect that - within the next five years - up to 10 % of those therapies that
progress through phase Il trials will include an associated diagnostic test. In the next
ten years this portion may even increase to 20 % (Weatherall et al. 2005, p. 21).

Correspondingly, Silberglitt et al. predict that it will be possible to determine by genetic
screening, whether an individual is more or less susceptible to certain diseases in 2020
(Silberglitt et al. 2006). According to this report, it is nonetheless unlikely that the

10 http://www.tab.fzk.de/de/projekt/zusammenfassung/hp13.pdf

11 http://www.sciam.com/article.cfm?chanlD=sa004&articlelD=0006C064-7701-12ED-
B70183414B7F0000
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design of drugs, which are specifically tailored, to one's genetic makeup will already be
feasible within the same period.

In addition to pharmacogenomics and pharmacogenetics, gene therapy is a further
important element of the category genomics. Within this area of research some
'spectacular' experiments were conducted during which mice and other animals were
successfully 'enhanced'. For example, researchers at the Salk Institute in La Jolla pro-
duced mice whose muscles did not fatigue. As a result, the genetically modified mice
were able to run twice the distance of normal mice (Wang et al. 2004, pp. 1532 et
sqq.)12. During experiments at the University of Pennsylvania in 1998, mice retained
muscle strength and speed due to a specific gene therapy although they were already
at an old age. After the injection of the same gene into young mice these animals grew
stronger and more muscular than normal ones3,14. Despite these achievements gene
therapy has not been that successful in the case of humans until now.

In September 1999, an 18-year-old participant who suffered from "ornithine transcar-
bamylase" (a rare inherited nitrogen metabolism disorder) died during a phase | clinical
trial at the University of Pennsylvania due to an acute respiratory syndrome and mul-
tiorgan failure - apparently brought on by a massive immune system response. The
therapy was based on an adenovirus vector, which was also administered to about 20
other individuals. It turned out that the adenoviruses were not that reliable in delivering
the genes to where they were targeted. The viruses were applied onto the liver but also
spread through other organs and into immune system cells (Fox 2000a, 2000b).

In another case clinical trials in the USA and France were suspended in 2002/2003 due
to the fact that two cases of leukaemia appeared among the participants two years
after treatment. The patients had received a gene therapy because they suffered from
Severe Combined Immunodeficiency Syndrome (SCID), also known as 'bubble-boy
syndrome', and had in fact benefited from the gene therapy. Nevertheless, it was
assumed that the gene insertion has caused the leukaemia-cases (Fox 2003, p. 121).

In 2004, a team of German and Swiss researchers treated two young males who
suffered from the so called chronic granulomatous disease (CGD), a rare genetic dis-
ease which affects the immune system, using retroviruses as a vector for the delivery
of the intact gene into blood generating stem cells (Ott et al. 2006, p. 401 et sqq.).
However, one of the patients died from septicaemia in early 2006. Although it seems to

12 http://www.newscientist.com/article.ns?id=dn6310
13 http://www.upenn.edu/researchatpenn/article.php?768&sci

14 http://www.sciencenews.com/articles/20041030/bob9.asp
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be unlikely that there is a causal relationship between the gene therapy and the
septicaemia the possibility could not be ruled out.

Despite the just mentioned uncertainties concerning the efficacy of gene therapy
approaches, one therapy already gained governmental approval: In 2004, the Chinese
State Food and Drug Administration approved a gene therapy — Gendicine, distributed
by SiBiono GeneTech - which aims at the treatment of head and neck squamos cell
carcinoma (Pearson et al. 2004, p. 3). According to Zhaohui Peng, CEO of Sibiono
GeneTech, the therapy had been used to treat more than 2600 patients during the pe-
riod between the date of approval and July 2005. For the year 2006 a total number of
50,000 patients is projected (Wilson 2005, p. 1014; Peng 2005, pp. 1016).

A further area of research, which also belongs to the 'Genomics' -category, is preim-
plantation genetic diagnostics (PGD). PGD is already being used for the detection of
various monogenic disorders and sex selection, partly for non-medical reasons. Apart
from that, one of the potential applications, which are often discussed during the con-
troversial debates, which were caused by this method, was the targeted genetic selec-
tion of offspring, be it for strength, beauty, intelligence or similar characteristics. Re-
garding the current state of PGD, it has to be stated that applications of this kind are
not possible at the moment. Furthermore, Silberglitt et al. state that it is "highly unlikely"
that PGD could be used for such purposes by 2020 - independent of the ongoing
ethical discussions (Silberglitt et al. 2006, p. 31).

"Spare Parts"

Artificially enhanced exoskeleton: Regarding the artificially enhanced exoskeleton,
envisioned by former DARPA-manager Michael Goldblatt (Goldblatt 2003, p. 338) it
can be stated that research in this particular area has already made considerable
progress. In early 2004 researchers at the University of California at Berkeley
presented a self-powered exoskeleton, which enabled its "pilot" to carry about 30 kg
(70 pounds) as if it were merely 2 kg (5 pounds). The system consists of mechanical
legs that are connected to the user at his feet and a vest that is attached to the frame
of a rucksack. A network of more than 40 sensors is used in order to control the
hydraulic actuators within the exoskeleton, such that the system takes its own weight
and ensures that the centre of gravity stays within the pilot's footprint15,16. Although
this special prototype is not a suitable application in the battlefield it could be seen as a
proof-of-concept.

15 http://www.newscientist.com/article.ns?id=dn4750

16 http://www.berkeley.edu/news/media/releases/2004/03/03_exo.shtml
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Biocompatible surfaces using nanotechnology: Many implants like hip-joints, knee-
joints, spinal implants or stents have a short lifespan due to poor growth of bone on
their surface or rather unsatisfactory interaction with surrounding cells and tissue (de
Groot and Loeffler 2006, pp. 60-61). Therefore, the attempt to develop nano-structured
materials that support bone-growth or more generally improve the cellular recognition
of implant surfaces seems to be promising (Wagner and Zweck 2005, p.97;
Baumgartner et al. 2003, pp. 29 and 31). The current state of this particular area of
research can be illustrated by the three following examples:

- Hydroxyapatite is a ceramic coating material which is used for dental and orthope-
dic implants. At the moment, research focuses on the development of coating
methods that improve cell-adhesion and mineralisation of the surrounding tissue.
The company Nano Interface Technology Inc. which is developing hydroxyapatite
coatings for both dental and orthopaedic implants is already about to start clinical
trials. One goal of Nano Interface Technology is to increase the lifespan of hip im-
plants from about 12 years to 20 years.

- Titanium and titanium alloys are already well-established materials for implants
because of their advantageous properties. However, nanoporous titanium oxide
surfaces are now under development in order to improve the biocompatibility even
further. When loaded with certain drugs or metals, these nano-structured surfaces
could also serve as drug release systems (Wagner and Zweck 2005, p. 98; de
Groot and Loeffler 2006, p. 65).

- Another goal is the improvement of wear resistance. For example, titanium is not
suitable for knee joints due to its low wear resistance. However, cobalt chrome
alloys which are often used for knee implants have a limited biocompatibility.
Hence, nanocrystalline diamond coatings for titanium implants are currently under
development because they are characterised by extreme hardness, wear resis-
tance, low friction and high biocompatibility.

As these examples show, nano-structured materials have a certain potential to support
the development of implants with an increased biocompatibility — but nevertheless it
has to be kept in mind that research on the interaction of nanomaterials and living or-
ganisms has just begun. At the moment, only limited information is available concern-
ing long-term effects and the potential toxicity of nanoparticles inside the human body
(Wagner and Zweck 2005, p. 99).

Tissue Engineering and Regenerative Medicine: Concerning tissue engineering (TE),
the first proof-of-concept was demonstrated in 1979 by Eugene Bell, a professor
emeritus of Biology at MIT, who successfully grew skin in his laboratory. About 20
years later, in 1998, tissue engineered skin was approved by the FDA. Today, tissue
engineered skin is still one of the main products. Given the fact, that no method is
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available in order to induce angiogenesis, or the formation of blood vessels, the
creation of whole organs remains problematic (IAC 2002, p. 1-2)17. As a consequence,
only tissue engineered skin, cartilage and - to a limited extent - bone products have
been commercialised until now. Furthermore, it has to be stated that the advantages in
comparison to traditional approaches are actually still modest (Bock et al. 2005,
p. 21)18,

Certainly, one of the main goals of tissue engineering-research is the substitution of the
tissue damaged during a heart attack. Although this seems to be an active research
area and tests on humans are about to start in the near future Silberglitt et al. state that
it might still take 15 years to develop successful solutions (Silberglitt et al. 2006, p. 28,
173).

With regard to the commercial sector, Lysaght and Hazlehurst state that more than 80
firms worldwide were engaged in tissue engineering-research and development in
2004. However, the majority of their products is still in clinical trials (Lysaght and
Hazlehurst 2004, p. 309). Regarding the future development of tissue engineering
research Silberglitt et al. estimate that "the design and engineering of living tissue for
implementation and replacement" will be feasible in 2020 (Silberglitt et al. 2006).

Another area of medical research that also aims at the 'substitution' of cells, tissues or
even organs is xenotransplantation, the transfer of cells and organs from one species
to another (for example from pigs to humans). The main problems of this kind of thera-
py are immunologic rejection processes and the risk of cross-species transmission of
animal infectious agents (SACX 2004)19. Until now, the field is still in its infancy —
especially with regard to the transplantation of whole organs. Nevertheless, less 'com-
plex' transplants like pig and cow heart valves to humans are very successful. In the
United States about 500 people suffering from liver failure, Parkinson's disease,
Huntington's disease, diabetes, intractable pain from cancer, melanoma or burns re-
ceived xenotransplants during clinical trials. Additionally, about 1,000 burn patients
received skin cells which were grown on mouse feeder cells beforehand (SACX 2004).
However, Silberglitt et al. presume in their report that the transplantation of animal
organs into humans will only be feasible by 2020 (Silberglitt et al. 2006).

17 http:/lwww.gwu.edu/~cistp/research/biotech3.pdf
18  ftp://ftp.jrc.es/pub/EURdoc/eur21838en.pdf

19 http://www.nelsonerlick.com/PDF/NIH %20Report %200on %20State %200f
%20Xenotransplantation %202005.pdf
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Like in the research field "Neuro/Brain enhancement”, also in the field "Physical
enhancement and Biomedicine", convergence of different scientific fields and methods
is clearly visible and widely applied. The area of biomedicine already has a certain
history of convergence since its recent breakthroughs and products, like inhaled insulin
or therapies combining devices and medication, have only become possible by
combining different scientific and engineering methods.

1.3.3 Synthetic Biology
Visions

Synthetic biology is a highly interdisciplinary field of research and involves the
synthesis of complex, biologically based or inspired systems which display functions
that do not exist in nature. The underlying idea is the systematic design, construction or
engineering of biological systems or devices being able to process information,
manipulate chemicals, fabricate materials and structures, produce energy, provide
food, and maintain and enhance human health and our environment. This engineering
perspective could be used at all levels of the hierarchy of biological structures, i.e. from
individual molecules to whole cells, tissues and organisms. One aspect of synthetic
biology which distinguishes it from conventional genetic engineering is a heavy
emphasis on developing foundational technologies that make the engineering of
biology easier and more reliable. Another aspect addressed by synthetic biology is the
re-design of existing biological systems for useful purposes. The re-design of such
systems may also help to reveal gaps in our current understanding of biology
(European Commission 2005, 2005b, 2006).

Synthetic biology combines nano-, bio-, and information technology and is nowadays
seen as an example of converging technologies. A recent report even states, that
"synthetic biology may be the converging technology, par excellence. Delve into the
biographies of synbio’s luminaries and you’ll find Ph.D.s in chemical, electrical and
biochemical engineering, physics and pharmacology (and surprisingly few biologists)"
(ETC Group 2007).

Indeed, experts from numerous different research areas, such as engineering and
production, molecular biology, systems biology, organic chemistry, informatics,
nanobiotechnology, etc. are working together, taking existing biological pieces,
transforming them into micro-machines and creating artificial systems that mimic the
properties of living systems (biomimetics). By this, scientists can discover the basic
principles that rule living systems, manipulate these systems, and eventually find
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treatments for many diseases. Today's synthetic biologists are looking to channel
genetic engineering from a hit-or-miss field of discovery to the type of discipline used
by engineers to build bridges, computers and buildings. This approach can translate
into more specific anticancer therapies and anti-viral drugs, as well as more efficient
drug delivery systems that will have a significant impact on the healthcare industry
(European Commission 2005, 2005b; ETC Group 2007; Ball 2005; Chopra and Kamma
2006).

Expectations on synthetic biology and future applications are high and range widely
across scientific and engineering disciplines, from medicine to energy generation.
Rationally engineered organisms might be designed to make useful materials (such as
biodegradable plastics) from cheap and renewable raw materials, or to convert
feedstock to fuels such as hydrogen and methanol. This could make the chemicals
industry more environmentally friendly and sustainable. The ability of biological
systems to control the structure of materials at the molecular level could also provide
access to materials with new and improved properties, or devices such as machines
and electronic circuitry structured at ultra-small scales. Synthetic biology might even
have an impact comparable to the IT-revolution.

State of the art

The term Synthetic Biology was initially coined in 1980 by Barbara Hobom for the
genetic engineering of bacteria using recombinant DNA technology and is in principle
synonymous with bioengineering. In 2000 the term was again introduced by Eric Kool
and other speakers at the annual meeting of the American Chemical Society in San
Francisco and used to describe the synthesis of unnatural organic molecules that
function in living systems or more broadly the efforts to re-design life. More recently, an
engineering community has given further meaning to the term synthetic biology as the
assembly of natural biological parts in unnatural ways (Benner and Sismour 2005;
Sismour and Benner 2005; Pengcheng Fu 2006).

An actual definition of synthetic biology has been given in a recent report: the design
and construction of new biological parts, devices and systems that do not exist in the
natural world and also the redesign of existing biological systems to perform specific
tasks. Advances in nanoscale technologies — manipulation of matter at the level of
atoms and molecules — are contributing to advances in synthetic biology (ETC Group
2007).

In the last years, activities in the field of synthetic biology according to the above
definition have further increased. There is a small but growing number of researchers,
institutes but also start-ups that are trying to make use of the complex chemical
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reactions in biological systems like DNA, bacteria, viruses, etc. Still, work under the
label of synthetic biology is mainly done in the US. However, a corresponding
community is being setup in Europe as well.

Three international scientific conferences on synthetic biology in the years 2004 and
2006 in the US and 2007 in Europe (Zurich, Switzerland) as well as various
conferences in related fields help in promoting the young and fast expanding field20.
Moreover, competitions like the International Genetically Engineered Machine
Competition (iGEM) initiated by the Massachusetts Institute of Technology (MIT), which
is taking place annually since 2004, foster interest of young scientists in this field and
also help in devising experiments in synthetic biology, such as biological oscillators,
counters, bacterial switches, photosensitive bacterial biofilms etc. (Chopra and Kamma
2006)21.

An example of efforts to develop ongoing collaboration is the human practices
component of the Synthetic Biology Engineering Research Center (SynBERC)22, a
collaboration among a number of leading research universities funded by the National
Science Foundation (NSF) in the US. In Europe, the initiation of a synthetic biology
community has been supported particularly by the European Commission with the
funding program New and Emerging Sciences and Technologies (NEST). Besides
fundamental research, also accompanying research is founded as in the case of the
multi-partner project SYNBIOSAFE, which has been setup in January 2007 and
investigates the biosafety, biosecurity and ethical aspects of synthetic biology.
SYNBIOSAFE aims to proactively stimulate a debate on these issues in Europe as
well. A number of further scientific programs are cited on the SYNBIOSAFE website23.

The outcomes of the scientific competitions, collaboration projects and in particular the
research results of the scientists working in that field attest the large potential of
biological systems to be used as building blocks in future biological devices. As
compared to electronic building blocks, like resistors and capacitors in an electrical
circuit, in synthetic biology independent biological components, so called "bioparts", are
assembled together into devices to function in a predetermined manner. The goal is to
build parts, devices, and systems that work inside living cells. In an engineering sense,

20  http://syntheticbiology.org
21 nhttp://www.igem2007.com
22 http://www.synberc.org

23 nhttp://www.synbiosafe.eu
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the cells must act as "power supplies" and "chassis", providing materials, energy, and
other basic resources that are needed for proper system function.

However, if compared to the serial production of chips in semiconductor industry a
fabrication of such biological systems in series is still out of reach. One reason for this
is, that the tools available for building with biological components still have to reach a
level of standardisation and utility equal to that in other engineering fields. Another has
to do with methods and mindsets in biology. Until now, mostly scientists in the field
work together in closed teams on isolated applications for special problems.

As an attempt to better coordinate the activities in the field and to provide a library of
biological components similar to the libraries available to chip designers, the MIT has
setup the Registry of Standard Biological Parts. So far the registry contains more than
1.000 individual components, so called BioBricks, developed at the MIT, SynBERC, or
within the iGEM, etc. The registry includes many parts analogous to electronics, such
as inverters, switches, counters, amplifiers, and components that can receive input or
output a display (Endy 2005; Bio FAB Group 2006, Bio-Fab-Gruppe 2007)24.

Although, most of the components developed so far have been important as proof-of-
concept on the basis of fundamental research, R&D in synthetic biology in today’s
sense is still in its infancy. Currently, there is a number of concepts and ideas which yet
have to be realised but some niche products are already commercially available, since
there is a handful of companies and organisations applying engineering principles and
tools to commercial biological manufacturing. Examples are the non-profit BioBricks
Foundation (Cambridge, Massachusetts), which is promoting open tools, standards
and parts for biological engineering; the Firm Blue Heron Biotechnology (Bothell,
Washington), focusing on DNA synthesis; Amyris Biotechnologies (Emeryville,
California), which is engineering metabolic pathways for drug production in microbes;
Codon Devices (Cambridge, Massachusetts), which is building artificial biological
devices; the Foundation for Applied Molecular Evolution (Gainesville, Florida), which is
generating novel proteins and materials; and the Firm Synthetic Genomics (Rockuville,
Maryland), which is engineering microbes to produce fuels (Bio FAB Group 2006, Bio-
Fab-Gruppe 2007).

The application areas and possible future products originating from work in synthetic
biology are widespread and a comprehensive overview would be beyond the scope of
this report. Here, we highlight some recent activities and promising application ideas in
the field: Biologically based Nanoelectronic Devices for use in display and sensor

24 http://parts.mit.edu
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technology, Biological Computers in computer technology, and Nanorobots or
Molecular Machines (due to their size and autonomous functionality) in biomedicine.

Biologically based Nanoelectronic Devices

Professor Angela M. Belcher from the Massachusetts Institute of Technology (MIT)
engineered a version of the M13 bacteriophage, a six nanometre wide and one
micrometer long tubular virus, binding to inorganic nanocrystals by repeatedly selecting
the virus particles best able to cling to the nanocrystals. After some months she
evolved a virus that held a chunk of material steadfastly on one end, like a ball and
chain. By dissolving the virus particles she could make them align themselves thickly
like hairs all capped with nanocrystals. The viruses are packed so densely that they
essentially form thin films, which can be stacked closer together than other means can
quickly achieve. The self-assembled thin films are interesting for the use as thin,
flexible displays for example (Ross 2006).

Further studies with M13 binding to metal particles such as cobalt oxide and gold
yielded metal nanowires that could be used in high energy-density electrodes. By
growing the virus on a film it was possible to make a thin, flexible metal oxide coating
suitable for storing energy chemically. This allows for example for the incorporation into
lightweight and dense thin-film batteries based on the lithium-ion technology, since the
cobalt oxide stores lithium-ions. The US military funding this project is interested in the
development of electronic devices for military use. Other applications could by ultra-thin
MP3-Players. Also, the M13 could be bound to chemically sensitive receptors in order
to detect biological dangerous or toxic substances (Ross 2006, Ki Tea Nam et al. 2006,
Pil Yoo et al. 2006).

Some of Belchers demonstrations have been turned into commercial devices such as
solar cells and light-emitting diodes. Cambrios Technologies (California)25, co-founded
by Belcher, is developing a touch sensitive display on a flexible plastic layer which can
be coiled up if not needed. A usable product is expected to be commercially available
within 2007.

Furthermore, Cambrios Technologies is looking at genetically engineered viruses to
find proteins that will interact with metals and inorganic substances. The company is
concentrating on a protein that could enable semiconductor makers to inexpensively
insert an insulating layer of cobalt, a procedure that some manufacturers are testing
and may use to make 32-nanometer chips by 2010. The company is also working on a

25 http://www.cambrios.com
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protein that could help LCD manufacturers build transparent transistors into their
screens.

Biological Computers

The idea of biological computing was initially developed by Leonard Adleman of the
University of Southern California, who demonstrated a proof-of-concept use of DNA for
massively parallel computation problems (Adleman 1998). A DNA computer or
molecular computer is basically a collection of specially selected DNA strands whose
combinations will result in the solution to some problem. Technology is currently
available both to select the initial strands and to filter the final solution. The promise of
DNA computing is massive parallelism by taking advantage of the many different
molecules of DNA to try many different possibilities at once. This can be much faster
than a conventional computer, for which massive parallelism would require large
amounts of hardware, not simply more DNA (Adleman 1998; Kari 2001). At this stage,
the establishment of a methodology for DNA computing dominates research efforts, but
the technology holds great promise for application to various computational problems in
the future. The potential of DNA computing will further expand through the application
of the vast number of DNA associations derived from genome information. Apart from
DNA molecules, other biological molecules capable of storing molecular information
may also be used to derive molecular computer principles. Further understanding of
the formation of protein molecule structures in the future could lead to a peptide
computer or protein computer that would support more complex algorithms (NISTEP
2001; van Lieshout et al. 2006).

In 2004, Ehud Shapiro, Yaakov Benenson and others at the Weizmann Institute
announced in the journal Nature that they had constructed a DNA computer. This was
coupled with an input and output module and is capable of diagnosing cancerous
activity within a cell, and then releasing an anti-cancer drug upon diagnosis (Shapiro
and Gil 2007; Shapiro and Benenson 2007).

Nanorobots or Molecular Machines

Justin Gallivan and Shana Topp, scientists at the Emory University, have opened the
door to powerful new opportunities in drug delivery, environmental cleanup and
synthetic biology by making use of an innovative method to control the movement of
Escherichia coli (E. coli) in a chemical environment. Gallivan and Topp successfully
reprogrammed E. coli's chemo-navigational system to detect, follow and precisely
localise to specific chemical signals. In doing so, the scientists exploited E. coli's
natural chemotaxis, a microbe's ability to move toward specific chemicals in its
environment. They equipped E. coli with a "riboswitch," a segment of RNA that
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changes shape when bound to certain small target molecules, which can then turn
genes on or off. Chemotactic bacteria navigate in chemical environments by coupling
their information processing capabilities to powerful, tiny molecular motors that propel
the cells forward. Researchers have long envisioned reprogramming bacteria so that
microbes capable of synthesising an anti-cancer drug, for instance, can be used to
target diseased cells while sparing healthy cells of side effects (Topp and Gallivan
2007)26.

Risks, Challenges, and Future Developments

The vast potential of synthetic biology to play an essential role in human life also raises
new questions for bioethics, -security, -safety as well as the health and energy sector,
etc. There is also an ongoing discussion of so-called societal issues27. Philip Ball,
consultant editor for Nature states: ..."if ever there were a science guaranteed to cause
public alarm and outrage, this is it. Compared with conventional biotechnology and
genetic engineering, the risks involved in synthetic biology are far scarier" (ETC Group
2007).

Even experts in the field of synthetic biology itself are convinced, that: "The field is
evolving at such a rate that even today's synthetic biologists may not be able to
recognise the tools, products and concepts in a decade." ... "more precise and
effective methods to identify risks, monitor activities, and communicate concerns
among the synthetic biology community are required. It is thus suggested that a
professional society should be formed and a code of ethics should be developed to
ensure a positive future impact for synthetic biology" (Pencheng Fu 2006).

1.3.4 Human-Machine Interfaces

Visions

The main goal of the research field "Human-Machine Interfaces" is to develop
interfaces which enable direct connections between the human brain and artificial limbs
or other prostheses as well as between humans and computers or other machines.
These interfaces should make it possible to control external devices by mere brain-
activity or sensory-feedback.

26 http://biosingularity.wordpress.com/tag/bioengineering

27 http://openwetware.org
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The envisioned interfaces will possibly enable a large set of applications — ranging from
the restoration to the augmentation of human performance. Once it is feasible to ma-
nipulate the movement of an artificial limb and receive sensory-feedback like pressure
and temperature from the prosthesis, the direct neural control of complex machines
and the enhancement of sensory functions get within range. Hence, brain-machine
interfaces which enable remote interaction with robots in the deep sea or outer space
are envisioned as well as the connection of the human brain to sensors for UV-light
and ultrasound or to external memory extensions (Robinett 2003, pp. 167-168; van
Lieshout 2006).

In addition, Bibel states that "it will become possible, maybe as early as 2015 to link to
nerves, to record and replay sensations". Thus, one will be able to feel 'real
handshakes in virtual environments. As a result, sex over networks, new interfaces for
computer games and augmented reality visions will become reality on the basis of
miniaturised chips, sensors and digital memories (Bibel 2004, p. 27).

Bainbridge estimates that broadband connections between the brain and machines
which will "transform work in factories, control automobiles, ensure military superiority,
and enable new sports, art forms and modes of interaction between people" will be
technically feasible in 2030 (Bainbridge 2006, p. 339). Consequently, the feasibility of
the enhancement of human sensory, motor and cognitive performance - based on
Brain-Machine-Interfaces - is also forecasted to be feasible by then (Bainbridge 2006,
p. 342). Additionally, Bainbridge expects that the enlargement of one's memory space
by external storage devices will be possible by the year 2050 (Bainbridge 2006,
p. 344).

State of the art
Non-Invasive interfaces

Current research focussing on non-invasive interfaces is based on the possibility to
monitor cerebral activity via the electroencephalogram (EEG): About 100 electrodes
are placed externally on the scalp in order to record electric signals. Under the condi-
tion that the electric activity of the brain reflects motor intentions like the preparation of
hand movements, it is possible to convert these signals into simple ‘commands' like the
movement of a cursor on a computer-screen (Bolz et al. 2005, pp. 62-63). The feasibil-
ity of this approach was demonstrated by researchers at the German Fraunhofer-Insti-
tute for Computer Architecture and Software Technology who developed a "mental
typewriter" based on the EEG-technique (van Lieshout et al. 2006, p. 46; Blankertz et
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al. 2006)28. However, this approach has one main drawback: because the skull acts as
an attenuator of the neuronal signals the resulting signal to noise ratio is quite low. As a
result, training of patients and adjustment of the software takes considerable time
(Stieglitz 2006, p. 100). Nevertheless, test-persons were able to type up to 30 signs per
minute using this technique (Bolz et al. 2005, p. 63).

Another non-invasive method has recently been demonstrated by researchers from the
Honda Research Institute and the ATR Computational Neurosciences Laboratories in
Japan.29 Based on real-time functional magnetic resonance imaging (fMRI) of brain
activity it was possible to 'decode’ the finger-movement of volunteers who were asked
to play 'rock, paper, scissors' — such that a robot hand could mimic these movements.
Although the resulting time-lag between the subject's and the robot's movement was
about 7 seconds an accuracy of 85 % was achieved30.

Invasive interfaces

In order to overcome the above mentioned drawback of the EEG-approach one could
place an electrode or arrays of several electrodes directly onto the brain's surface
(Electrocorticography) or even directly into the brain (Bolz et al. 2005, p. 64). According
to Sandberg and Bostrom, multielectrode recordings from more than 300 electrodes
permanently implanted in the brain are currently state of the art (Sandberg and
Bostrom 2006, p. 37). Additionally, the so called Utah Electrode Array (UEA -consisting
of 100 mm x 1.5 mm long electrodes assembled on a four-millimetre square large chip)
was approved by the US Food and Drug Administration in 2004. As a result, the
company that produces these arrays — Cyberkinetics in Foxborough, USA31 - started
clinical trials with paralysed patients in the same year (Stieglitz 2006; Bolz et al. 2005,
p. 65; van Lieshout et al. 2006, p. 45).

Regarding the state of the art of research in this area the most popular example are the
experiments conducted by the team of Miguel A. L. Nicolelis at Duke University
(Durham, North Carolina, USA).32 At their laboratory a monkey was able to control a
robotic arm with "the power of thought" via electrodes which were implanted directly in
its brain (Nicolelis and Srinivasan 2003)

28  http://www.newscientisttech.com/article.ns?id=dn8826
29  http://www.cns.atr.jp/News/20060526honda_atrE.htm
30  http://www.newscientist.com/article.ns?id=dn9237

31 http://www.bioen.utah.edu/cni/projects.html

32 http://www.nicolelislab.net
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Recently, a team led by John Donoghue of Brown University — who is also founder,
director and CSO of Cyberkinetics — conducted experiments with a quadriplegic patient
who had an UEA-implant. They state that their solution is four-times faster than previ-
ous ones and that the patient adapted to the system within several minutes during the
first experimental session. The patient could control a computer cursor and thereby
was able to open e-mails or to control a television — even while conversing. He could
also move objects with a robotic arm (Hochberg et al. 2006, pp. 164-169; Abbott 2006,
pp. 125-126).

Additionally, researchers of Stanford University recently presented a new approach to
optimise the 'information throughput' of brain-machine interfaces: In their experiments
two monkeys had 100 electrode arrays implanted in their dorsal premotor cortex. In
comparison to existing methods which are based on the calculation of continuous tra-
jectories, the neural activity was translated into a prediction of the intended target and
the cursor was immediately placed on that spot. This way a performance rate of up to
6.5 bits per second - corresponding to about 15 words per minute — could be realised
(Santhanam et al. 2006, p. 195).

Given the fact that the monitoring of eight selected channels seems to be sufficient to
generate 3D-trajectories of arm movement (Stieglitz 2006, p. 103), research on brain
implants like the UEA might eventually enable paralysed patients to control their own
muscles.

In addition to the implantation of electrode-arrays into the brain another technology
which also enables the constant monitoring as well as the direct manipulation of brain
activity is currently under development: The so called neurovascular approach origi-
nally aims at the diagnosis and the treatment of abnormal brain function and is based
on the injection of a catheter-like device into the vascular system of the brain. This de-
vice consists of several nanowires as electrodes as well as converters and amplifiers.
As the nanowires would fit into capillaries it would therefore be possible to monitor the
activity of the neurons that are penetrated by the capillaries (Llinas and Makarov 2003,
pp. 245-246). Concerning the technical status of the neurovascular approach it can be
stated that the necessary "nanowires" have already been manufactured. The bio-com-
patibility of these polymer-electrodes is tested in rats at the moment (Szentpétery
2006).

Regarding current research on Brain-Machine Interfaces one could say that the major-
ity of the experiments are one-directional. In most cases the sensory feedback is visual
which could be considered insufficient for tasks like grasping objects or even more
complex movements required in daily life. Hence, bi-directional interfacing would be
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beneficial for envisioned applications like the control of paralysed limbs or complex
prosthetic devices (Stieglitz 2006, p. 103). However, some approaches aiming in this
direction could already be identified. For example, the possibility to remotely control the
direction of movement of rats by electrically stimulating different brain regions could be
considered as a 'proof-of-concept' for the delivery of ‘feedback’ via brain implants (Xu
et al. 2004, pp. 57 et sqq.).

Other approaches - some of which have already been tested with humans - primarily
focus on the connection of electrodes to nerve fibres in the extremities rather than on
brain implants. One example for this is the hand-prosthesis with sensory feedback.33
Electrodes are connected to intact nerve stumps in the patient's arm such that the
patient can control the fingers of the prosthesis in order to grab a cup of coffee for
example. In addition, sensors within the prosthesis generate feedback-stimuli which
enable the patient to sense pressure and temperature.34 Based on the fact that clinical
trials have recently begun, the developers of this prosthesis estimated a time-to-market
of about five years.

Further examples which have also to be mentioned in this context, are the (self-) ex-
periments carried out by Kevin Warwick from the University of Reading.35 In 2002,
Warwick underwent a surgery during which one 100-electrode array was implanted into
the median nerve fibres of his left arm. This implant enabled him to control an electric
wheelchair and an artificial hand — even on large distances by transmitting the signals
over the Internet. Furthermore, he successfully tested an 'extra-sensory' input device
for ultrasound. Finally, Warwick and his wife - who then had a similar implant in her arm
- demonstrated the first 'direct electronic communication between the nervous systems'
of two humans (van Lieshout et al. 2006, p. 55).

Despite the advances in the research on Brain-Machine-Interfaces, it has to be stated
that the human brain is so complex that it is still very difficult to understand even its
basic functions (van Lieshout et al. 2006, p. 47). Hence, there remain a lot of problems
to be solved like those listed in the "Roadmap of Neuro-IT Development" (Knoll and de
Kamps 2004, pp. 19-20)36:

33 http://www.spiegel.de/wissenschaft/mensch/0,1518,426451,00.html
34 http://www.ibmt.fhg.de/gruppe_l/neuroprosthetics_projects.html
35  http://www.kevinwarwick.com

36  http://www.neuro-it.net/Neurol T/Roadmap/RoadmapVersions/
Roadmapv1.3
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- Identification of optimal brain regions for electrode implantation,
- Identification of the coding strategy used in these brain areas,

- Understanding the limitations to cortical plasticity,

- Longevity and durability of electrodes,

- Contact between electrodes and nerves,

- Miniaturisation of the hardware,

- Research on alternatives to implanted electrodes as well as

- Better and faster algorithms.

Regarding the future development of Brain-Machine-Interfaces Silberglitt et al. state
that it is unlikely that implantable computer chips which could be linked directly to brain
activity will already be available in 2020 (Silberglitt et al. 2006).

Certainly the above described ambitious visions can be achieved only by combining
disciplines like computer science and information technology with cognitive science,
psychology but also material science, biomechanics, engineering and the like.

1.3.5 Sensors

Visions

Fundamental to the area of sensor-related R&D activities is the general objective to
develop sensors with improved characteristics (response times, sensitivity, specificity
etc.) while reducing their size at the same time. Additionally, the costs per unit should
permit the establishment of widespread sensor-networks or the integration of sensors
into products like clothes and food packaging (Golledge 2003, p. 135).

Due to the fact that sensors can be used for a great variety of purposes, a set of very
diverse visions is connected to the field of sensor development. A substantial part of
the visions articulated in NBIC-related documents like the report by Roco and Bain-
bridge focuses on the detection of chemical and biological warfare agents or poisonous
substances in general and also on information about the environment like temperature,
UV levels and concentrations of pollutants (Roco and Bainbridge 2003; Pierce 2003,
p. 118). Somewhat related to this is the idea to build systems which could identify hi-
jackers and/or terrorists via "remote detection of heart rate, adrenaline on the skin, and
perhaps other chemicals connected with the 'fight or flight' reaction" (Fainberg 2003,
p. 345).
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In addition, it is planned to construct adaptive technical devices that are able to react to
changing conditions, e. g. aircrafts with adaptive shape control, on the basis of
nanosensors and -actuators (Venneri et al. 2003, p. 315).

Another considerable part of the sensor-related goals and visions concentrates on
medical purposes including issues like the constant monitoring of the own health con-
dition or improved in vivo monitoring methods. More generally, it is envisioned to de-
velop fast, ultra-sensitive sensors which make possible improved diagnostics and thus
earlier and better treatment of diseases. Ideas reach from wireless sensor networks
and wearable sensors for medical self-monitoring to biochips or lab on a chip systems
and nano-sized imaging/ diagnostics agents (Connolly 2003, p. 185; van Lieshout et al.
2006, pp. 67 and 80; Bainbridge 2006).

State of the art

As already mentioned above, sensors can be used for a great variety of purposes, e. g.
detection of pollutants, monitoring of the needs of plants and animals in agriculture,
food safety purposes or even the detection and identification of terrorists. Accordingly,
sensor research and development is a very heterogeneous field - ranging from re-
search on 'electronic noses' which can detect pollutants, toxic substances and explo-
sive vapours to the development of physical and mechanical sensors for the measure-
ment of quantities like temperature, acceleration, viscosity and the like. Further
examples are (bio-) chemical and medical sensors for the determination of pH-levels,
blood pressure etc. and for the detection of DNA (IEEE 2004; VDI-VDE-IT 2005).

With respect to the CT debate, here the research field "sensors" is understood in terms
of systems for sensing and monitoring human beings and their environment.
Regardless of the diversity and heterogeneity of sensor applications, some general
trends can be identified underlying current research efforts. Apart from the already
mentioned goals like improvement of sensor sensitivity and constant miniaturisation
towards micro- and nano-sized sensors the main trends are the establishment of
sensor-networks, the creation of adaptive systems (‘adaptronics') based on
miniaturised sensors and actuators and the development of integrated sensors (e. g.
into clothes) as well as implantable devices. Hence current R&D trends can be
subdivided into three strands: "Wireless sensor networks", "Adaptive systems" and
"Sensors for (bio-) medical purposes”.

Wireless sensor networks

Given the variety of sensors along with the advances regarding the miniaturisation of
sensor-components and wireless networks the potential applications of wireless sensor
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networks are very diverse. Some examples frequently mentioned in the literature in-
clude environmental monitoring, acoustic detection, seismic detection, military sur-
veillance and industrial sensing, e.g. monitoring the abrasion of machine tools and so
on (Huang 2003; Chong and Kumar 2003, p. 1251; Hills 2001). Furthermore, wireless
sensor networks were one of the technologies included in the "10 Emerging Technolo-
gies that will change the world"-list published by "Technology Review"-magazine in
2003 (Roush et al. 2003).

The basic elements of wireless sensor networks are the "network-nodes", sometimes
referred to as "motes", each of which consist of one or more sensors, microprocessors,
power supply, data storage devices and "microradios". Regarding the size of these
nodes, wireless sensor nodes used for environmental monitoring which have the size
of an ordinary film canister may serve as an example. Sensors like these were already
used in order to study the microclimate (light, humidity, pressure, temperature)
throughout the volume of Giant Redwood trees (Culler et al. 2004, p. 42).

Apart from the above mentioned fields of application there are also several military
applications of wireless sensor networks like the identification and tracking of enemy
troops and vehicles or the detection of bioweapons and electromagnetic noise. For
example, an unmanned aerial vehicle (UAV) was used in order to distributed/spread
about 40 credit card-sized sensors along a road at a test-site. These sensors
automatically established a network such that passing vehicles were detected on the
basis of magnetic signals. Based on the vehicles' magnetic signatures the kind of the
vehicle, their speed and their direction could be estimated. The respective results were
sent to the headquarters via the UAV37. A further example is the development of the so
called "smart mine field" which is financed by DARPA. The "smart mine field" consists
of mines which build up a wireless network. As a result, the mines are able to detect
"disturbances in the network" caused e. g. by breaching attempts of enemies and react
to these disturbances by physically redistributing themselves (Huang 2003)38.

With regard to the present state of the technological development, it could be stated
that current research on wireless sensor networks basically aims at balancing conflict-
ing goals such as processing speed, data storage capacity, communication bandwidth
and energy supply (Culler et al. 2004, p. 41). Hence, important goals are the improve-
ment of energy efficiency, the development of more efficient communication proce-
dures, the reduction of stored and transferred data as well as the development of re-

37 http://www.forbesimg.com/forbes/2002/1028/306_print.html
38  http://www.darpa.mil/ato/programs/SHM/proginfo.html
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configuration strategies which allow dynamic changes of the sensor networks (Elson
and Estrin 2004, pp. 7-8; Chong and Kumar 2003, pp. 1252-1253). Additionally, there
are already a few companies like the U. S.-based firms Ember, Dust, Crossbow and
Sensoria that try to commercialise the concept of wireless sensor networks. For
example, Dust Inc. is building MEMS sensors (MEMS - Microelectromechanical Sys-
tems) that fit into a cubic millimetre (Chong and Kumar 2003, p. 1250).

Correspondingly, Silberglitt et al. state in their report that "real-time surveillance" on the
basis of pervasive sensors will be "highly feasible" in 2020 (Silberglitt et al. 2006).

Adaptive systems

Besides the just described variety of sensor applications one additional area is the
construction of adaptive systems based on the simultaneous integration of (nano-)
sensors and actuators into different devices. For instance, one popular vision is an
adaptive shape control for aircrafts based on nanosensors and -actuators (Venneri et
al. 2003, p. 315).

More generally, adaptronics ("adaptation through electronics") aims at the development
of structures whose properties can be actively controlled and changed such that they
can be adapted in an optimal way to changing operational conditions (Teuffel 2004,
p. 12)39. Accordingly, it is envisioned that active or rather adaptive structures incorpo-
rating function-integrated materials like shape-memory alloys, piezoelectric and elec-
trostrictive ceramics, magnetostrictive alloys and electroactive polymers "suppress
vibrations, reduce noise, control deformation and recognise component damage"
(Thum et al. 2005, p. 10)40. For example, material composites with integrated piezo-
electric fibres can measure mechanical vibrations in car body parts, engines and wheel
suspensions. Given these measurements, counter-movements can be generated which
reduce the propagation of vibration (Thum et al. 2005, p. 10; Teuffel 2004, pp. 16-19).

Research on adaptive systems and "smart materials" began in the mid-80s and one of
the first applications was the shape retention of a parabolic antenna orbiting on a satel-
lite. Nowadays several functional materials are available, the first applications exist,
and it is clear how to handle building blocks for adaptive structures. Nevertheless, ex-
perts state that adaptronics has not yet reached a level of technological maturity that
meets market requirements (Weiner and Niesing 2006, pp. 39-40).

39 http://www.patrick-teuffel.com/download/Teuffel_Entwerfen_Adaptiver
Strukturen.pdf

40  http://www.fraunhofer.de/fhg/Images/Perspektiven_eng_signposts_tcm6-52640.pdf
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Sensors for (bio-) medical purposes

This category comprises all sensors which are developed for medical purposes or for
research activities in the bio/life sciences. Main elements of this category are wearable
sensors, nanosensors for imaging- and diagnostics as well as biochips.

Wearable Sensors: Some heart rate sensors that are integrated in wristbands or chest-
belts are already commercially available. Popular examples are the products for
cardiovascular fithness-training.41 Another example are wrist-worn activity sensors that
could be used to measure the effects of shift work or even to predict performance by
monitoring sleep (Nesthus et al. 2002, p. 29)42. Apart from that, current research
focuses on textiles with integrated fibres which serve as physiological sensors and as
miniaturised global positioning systems (Silberglitt et al. 2006, p. 176). For instance,
researchers at Georgia Tech developed the Smart Shirt: Optical and conductive fibres
are integrated into the garment such that heart rate, EKG, respiration as well as
temperature can be monitored. In case of a medical problem such shirt could be used
to alert the wearer or a physician automatically (Meoli and May-Plumlee 2002).
However, some of the envisioned components are not technologically mature yet.
Hence, it may take 5 to 10 years until textiles with the whole set of functions enter the
market (MacKenzie et al. 2003, p. 32; Silberglitt et al. 2006, p. XIX).

Nanosensors for imaging and diagnostics: With regard to the area of medical sensor
technology one could identify very diverse reasons which led to an increase of nano-
related research activities. However, the main motives are basically the following
(Wagner and Zweck 2005, pp. 81 and 94; de Groot and Loeffler 2006, pp. 31-33):

- In comparison to existing methods nano-based diagnostic techniques have im-
proved characteristics with regard to specificity, signal-to-noise ratios, photostability
and so on.

- Nano-sized detection systems enable the development of miniaturised biosensors
as well as the mass production of these sensors. Therefore, tests which are nowa-
days performed in central facilities (e. g. clinical laboratories) can be conducted at
point- of-care sites or even by the patients themselves.

- Nanotechnology bears the potential of novel analytical methods. For example,
atomic force microscope (AFM)-based technologies have been developed to
manufacture nano-sized biochips and to read them out. This AFM-based
technology could be utilised for the detection of whole viruses in clinical samples.

41 http://www.polar.fi
42 http://hfetag.dtic.mil/docs-meet/meet47_min.pdf
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Agents for In Vivo Imaging: Currently available in vivo imaging methods are mainly
based on 'conventional techniques' like ultrasound imaging or magnetic resonance
imaging (MRI). Nonetheless, the utilisation of novel contrast agents — which are often
based on nanomaterials — improved the in vivo imaging of processes on the cellular
and the molecular level ('molecular diagnostics')(Wagner and Zweck 2005, p. 68).

However, the technological maturity of the agents for the respective/particular imaging
methods is quite heterogeneous:

Within the field of MRI molecular imaging contrast agents like the so called super
paramagnetic iron oxide particles are currently in clinical trials or already commercially
available (e. g. Resovist developed by Schering). Agents like these could be used for
the analysis of liver tumours or for the detection of lymph node metastases (Wagner
and Zweck 2005, p. 69).

Concerning optical methods the so-called Quantum Dots (QDs) seem to be quite
promising: QDs have already been used to image cell signal transduction, cancer
markers, and tumours in living animals. But nevertheless the high toxicity of the semi-
conductor materials which are necessary for the production of QDs represent a signifi-
cant barrier with regard to the application in medical settings (Wagner and Zweck 2005,
p. 72; Baumgartner et al. 2003, p. 25).

Regarding ultrasound imaging and nuclear methods it can be stated that no system
has gained approval yet - although some imaging agents are presently under develop-
ment (Wagner and Zweck 2005, pp. 70-71)

Overall, it is envisioned that nano-based contrast agents will make it possible to
monitor the therapeutic effects of drugs ('theranostics') in the near future. As a result,
the efficacy of drugs could be proved much faster than today. Furthermore, advanced
imaging agents will probably enable an earlier diagnosis of cancer or cardiovascular
diseases such that the efficiency of therapies could be improved (Wagner and Zweck
2005, p. 80).

In Vitro Diagnostics: Like 'in vivo imaging' the field of in vitro diagnostics has also
benefited from nano-related research. According to a report by the European Science
Foundation (ESF), the "first methods to monitor in vitro the assembly of
multicomponent biological complexes, protein trafficking and the interactions between
single molecules" have already been developed with the help of nanoparticles (ESF
2005, p. 15). Examples of nanoparticles used for in vitro diagnostics are the already
mentioned quantum dots and gold nanoparticles.
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Quantum dots have successfully been tested and used in academic cell biology-re-
search for a few years. Given this state of development, several US-based companies
recently started research activities on QDs which could be used for life science appli-
cations. Nevertheless, all diagnostic systems based on QDs are still in an early stage
(Wagner and Zweck 2005, p. 82).

Gold nanoparticles are mainly used in rapid tests, e. g. home pregnancy tests, which
indicate the presence of substances in liquids through the change of a colour or com-
parable visual evidence. In addition to these established applications, current research
focuses on improved methods for the detection of biomolecules. For example, recently
developed gold nanoparticles with attached DNA probes could be used for the detec-
tion of target DNA-sequences. Furthermore, ultra sensitive diagnostic tests which are
based on magnetic nanoparticles are presently under development. These tests aim at
diseases like cancer, Alzheimer, coronary artery disease and mad cow disease (Wag-
ner and Zweck 2005, p. 83-84).

More generally, one could state, that current in vitro diagnostics-research tries to de-
velop methods which enable the detection of diseases before the first symptoms
appear. This would make it possible to make medicine preventive rather than reactive.

Biochips: Another important area of research within the field of in-vitro diagnostics are
nanotechnology-based biosensors like nanoarrays and biochips ('lab-on-a-chip'
systems). It is hoped that these sensors will make diagnostic tests feasible that are
significantly more precise and faster than established methods. For example, biochips
that include electrical detection systems generate a signal when the target substance is
detected — making optical analyses obsolete (Wagner and Zweck 2005, p. 85).
Furthermore, lab-on-a-chip systems can be used for syntheses of nanoscale materials
as well as for analyses.

According to Wagner and Zweck, many nanotechnology-based biosensors have been
subject of scientific research during the last decade such that they could enter the mar-
ket in the near future. Accordingly, companies like Siemens Medical Solutions or Invi-
troGen have already started significant development research activities.

It can be summarised that biosensors based on micro- and nanotechnology have al-
ready reached a high level of maturity such that some of these sensors might be com-
mercialised soon (Wagner and Zweck 2005, p.94). Accordingly, Silberglitt et al.
estimate in their report that rapid bioassays which indicate the presence of specific
biological substances will almost certainly be available in the year 2020 (Silberglitt et al.
2006). Furthermore, MacKenzie et al. expect that handheld bioassay devices for
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detecting poisonous substances within air, water or food will enter the market within the
next 5 to 10 years (MacKenzie et al. 2003, p. 21).

1.3.6 Computer-based modelling of the world

This research field has to be understood as the modelling, simulation or mapping of
"the real world" with the help of computers. Visions and ideas in this field reach from
the prediction of computer generated virtual environments perfectly reproducing reality
based on developments in virtual and augmented reality (VR and AR) to deep insights
into living nature by making use of Bioinformatics and Computational Biology,
Neuroinformatics and Computational Neuroscience (Batterson and Pope 2002;
Bainbridge 2006; Bibel et al. 2004). Extreme visions even see the possibility to
download the human brain into new hardware (Robinett 2003).

Visions

Virtual and Augmented Reality

Virtual Reality (VR) research aims at the development of technologies, which enable
the interaction of a user with a computer-simulated environment. Until now, these vir-
tual environments are in most cases visual experiences shown on different kinds of
displays. In comparison to that, Augmented Reality (AR) approaches focus on the
combination of "the real world" and computer generated graphics. The majority of the
ideas and visions connected to VR technologies concentrate on training or rather
experimental learning applications like flight simulators and "online laboratories" due to
the fact that it is expected that VR will allow immersive high-fidelity simulations
(Batterson and Pope 2002, pp. 419-420). With regard to AR, it can be stated that the
visions in this area of research are more diverse as they also include military
applications (e. g. projection of sniper locations and hidden infrastructure on a visor)
and non-military applications like the visualisation of assembly steps or even "X-ray
vision" (e. g. display of the position of hidden pipes and wires) during maintenance and
construction activities as well as entertainment products (Etter 2003, p. 330).

Bioinformatics and Computational Biology

Bioinformatics derives knowledge from computer analysis of biological data. It refers to
the development and advancement of algorithms, computational and statistical
techniques, or theories to solve formal and practical problems posed by or inspired
from the management and analysis of biological data. The data to be handled may be
information stored in the genetic code, but also experimental results from various
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sources, patient statistics, and scientific literature. Research in bioinformatics includes
method development for storage, retrieval, and analysis of the data. Bioinformatics is a
rapidly developing branch of biology and is highly interdisciplinary, using techniques
and concepts from informatics, statistics, mathematics, chemistry, biochemistry,
physics, and linguistics. It has many practical applications in different areas of biology
and medicine.

The National Center for Biotechnology Information (NCBI 2001) gives the following
definition of bioinformatics: "Bioinformatics is the field of science in which biology,
computer science, and information technology merge into a single discipline. There are
three important sub-disciplines within bioinformatics: the development of new
algorithms and statistics with which to assess relationships among members of large
data sets; the analysis and interpretation of various types of data including nucleotide
and amino acid sequences, protein domains, and protein structures; and the
development and implementation of tools that enable efficient access and management
of different types of information."

Computational biology refers to hypothesis-driven investigation of a specific biological
problem using computers, carried out with experimental and simulated data, with the
primary goal of discovery and the advancement of biological knowledge. Computational
biology goes beyond data analysis to look at the broader interface between computing
and biology. A possible definition is: the development and application of data-analytical
and theoretical methods, mathematical modelling and computational simulation
techniques to the study of biological, behavioural, and social systems
(http://www.geocities.com/bioinformaticsweb/index.html).

Bibel claims, that Bioinformatics is one of the areas "where convergent technology is
successfully evolving" (Bibel 2004, p. 40) and include

- identifying candidate disease genes with high performance computing;

- RNA expression profiles and data mining of sugar cane response to low tempera-
ture;

- web-based tools for mining the NCI database for anticancer drug discovery;
- data mining the protein databank.

According to Johnson (Johnson 2003, p.208) three activities are crucial for the
success of bioinformatics and computational biology:

- the use of analytic methods to enable the presentation of biological information in
digital fashion,
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- the leveraging of massive digital storage systems and database technologies to
manage the information obtained, and

- the application of digital analytic tools to identify patterns in the data that clarify
causes and effects in biological systems, augmented by visualisation tools that en-
able the human mind to rapidly grasp these patterns.

Neuroinformatics and Computational Neuroscience

Besides the steady improvement of computing power the idea of building local or
distributed computer clusters to create supercomputers has made it possible to
address more and more complex or computing intensive problems in physics,
chemistry, biology and neuroscience. Areas within computational science, such as
bioinformatics or computational biology deal with the management and analysis of
biological data and the application of computational approaches to biological
phenomena. They are connected with the vision that one day it might be possible to
develop a multiscalar simulation of biology ranging from the molecular to the societal
level. At the moment, one can observe a movement of this field of research from
structural analyses of genes and proteins towards analyses of interactions between
genes and proteins, which will lead in the long run towards research activities on
cellular and ontogenetic functions (Shoji and Mogi 2002). Yet, it is still not possible for
example, to simulate the kinetics of protein folding (ebd.).

Neuroinformatics and computational neuroscience deal with the management and
analysis of neuroscience data and the application of computational methods to study
the function and mechanisms of the nervous system.

The Blue Brain project

New computational methods that combine experimental research with modern
simulation techniques could enable researchers to improve understanding of
information processes. Although neuroscientific research made considerable progress
it remains unclear, how information processes work biologically. Can human
information processing be understood by the patterns of neural signalling (Manifest)?

For this reasons research in this field on the interface between neuroscience and
informatics is not only concerned with an understanding of the human brain but also
with the simulation of processes in the brain in such ways that a machine can imitate
"thinking". If it becomes possible to model the firing process of cortical structures, then,
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it is assumed, human conscience itself and its basic rules ought to be understood (Pain
2006: 1)43.

In this area Henry Markram, biologist and co leader of the "institute for mind and brain"
(BMI) at the Swiss Federal University (ETH) plays a key role. Together with IBM he
started to work at the "Blue Brain Project" using the computing power of Blue Gene
(Markram 2006: 153). The aim of his project is to enable scientists to simulate
processes in the human brain applying modern methods of computational models of
the human brain (Stieler/Herden 2006: 34). Until 2015 Markram wants to calculate
these processes with the help of the increasing calculative performance of computers.
His main hypothesis: Human intelligence cannot be understood by "linear intelligence
models" (Markram 2006:158). Rather, quantum leaps in the biological structure of
intelligence have to be considered in detail, which means that different combinations of
the same biological building blocks produce qualitatively different genes, proteins,
acids and so on. Different combinations of ion channels for example are responsible
for electrical diversity in the nervous system (Hodgkin/Huxley 1952). Rall showed that
nonlinear conductancies in dendrites predominate. The integration of this line of
research began by "incorporating Hodkin-Huxley-type active properties in Rall-type
neuronal models to simulate realistic microcircuits carrying out realistic neural
operations such as feedback and lateral inhibition" (Markram 2006:154).

According to Markram, this means that we cannot reduce complexity of human
intelligence to some basic rules like —if/then conditions that still dominate the artificial
intelligence, since they still follow the linear scheme; rather we have to look at the
combination and interaction processes of the processes itself and to build machines
that are able to process information in a nonlinear manner. Increasing computational
capacity makes the simulation of multi neuron models possible that derive their
empirical data from experimental research of the electrical processes inside and
between neurons. Markram derives his data from brain slices of a rat. Electrical
impulses inside the preserved brain slice are measured and calculated by continuously
improving computer programs.

This allows Markram to simulate the processes of a neocortical column that consists of
at least 3600 neurons which is the minimum size of a so called microcircuit
(Stieler/Herden 2006:5). Theoretical basis for this selection of a rather small part of the
human brain is the finding that the human brain consists of a finite number of universal
neural networks that developed through a process of continuous reproduction. This

43 http://sciencecareers.sciencemag.org/career_development/previous_issues/articles/2006
(Zugriff: 4.04.2007)



CONTECS 49

approach allows to model brain interaction on the basis of continuous production of
action potentials. The simulation model investigates how all these neural firings work
together. Markram stimulates neurons with the help of a laser and looks in which ways
other neurons react to this stimulation. Then he tries to synchronise the outputs of the
measurements with the simulations (Stieler/Herden 2006: 36). For Calculating
Neuronal interaction Markram uses NEURON, a program developed to model
expansions of action potentials. The project shall result in a program made to
graphically show which consequences stimulations of special brain region will have.

Markram choose to take columns from the sensory regions because connections with
thalamus allow external validation. Data from the in vivo experiments are placed in a
database where biological properties of these neurons (ion channel behaviour) can be
used to find out the specific electrical properties of each neuron. Signals between two
neurons are calculated on the basis of these programs. With the existing computer
power it seems to be possible to simulate up to 100 000 complex neurons. However, it
is the aim of the Blue Brain project one day to simulate the whole brain, that for
humans consist of more than 1 million cortical column more than 10 trillion complex
neurons) The project can only reach this aim under the presupposition that computing
power is continuously improving. Markram expects a qualitatively new step in the
processing speed due to energy problems of existing computers. Using this computing
capacity the aim to find something about human seems to be supposable.

But there is also strong criticism to this kind of work. Especially neuro physicist Klaus
Pawelzik doubts that data collection and extensive description is enough to understand
the human brain. A consistent theory of neural firing is still missing (Technology
Review 2005: 2). According to a list of well known other researchers the main problem
of modern neuroscience that we know a lot about localisations of functions in the
human brain by improved methods of neuro imaging and also the micro level of the
small cells are well described in terms of models. Nevertheless, until today there is no
theoretical model to predict interaction of a group of cells. According to Pawelzik,
Markram cannot solve this problem by simulations (Technology Review 2005:2).

On the other hand it remains still unclear whether the cortical column that serves
Markram as basic unit for investigations and simulations of the brain plays such a
central role. Hypotheses concerning its function are not proofed until today. The cortical
column, Pawelzik criticizes, is not understood at all — 85% of the processes can not be
explained by existing theories (Technology Review 2005:3). Furthermore it is not
enough to understand just one column in order to extra polarise the results to the whole
brain. This method won't work since in non linear systems, whole systems have
different properties than their parts. But the main problem is that the so called liquid
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state machine may be able to reproduce neural responds to external stimulations but
will not provide explanations for the invariance and extreme stability of
human/mammalian information processing. Taken together all we know about human
reasoning it seems to be unlikely that information processing doesn't collapse. But this
is not the case. There are some evolutional mechanisms that make this system stable
(Technology Review 2005:6). According to Pawelzik, these mechanisms are the object
of research in the future (Technology Review 2005:6).

Virtual and Augmented Reality

Central to the concept of Virtual Reality (VR) is that the user interacts with a computer-
simulated environment. Yet, most VR-applications are limited to audiovisual experi-
ences. Systems that incorporate tactile information, 'force feedback', are still rare. Well-
known examples of VR-applications are flight simulators used for the education of
pilots which consist of 1:1 models of cockpits that can be moved hydraulically and have
computer monitors instead of windows. Further examples are wide-screen displays and
the so-called CAVEs (Cave Automatic Virtual Environments) that are nowadays used
for purposes like digital prototyping in the automotive industry, design reviews in archi-
tecture or studies of ergonomics.

Apart form more general goals like the improvement of the display resolution, one im-
portant issue is the creation of the virtual environments. For example, concepts like
computer integrated manufacturing (CIM) or the so-called digital factory approach ne-
cessitate detailed 3D-CAD-data of production facilities and the product-components.
With regard to this, two courses of action can be named: First, the different modelling
software solutions are continuously optimised in order to facilitate/improve the creation
of 3D-models.44 Second, (laser-) scanning devices for the 'digitalisation' of existing
buildings and facilities are developed which allow a relatively quick generation of 3D-
CAD-data of e. g. production plants.45

A concept that is closely related to VR is Augmented Reality (AR). Compared to VR,
AR refers to the combination of the 'normal view of the real world' and additional com-
puter generated graphics. An everyday life example for this technology can be found in
sports television: the combination of 'normal’ soccer broadcasts combined with overlaid
computer generated graphics showing the distance between a free kick position and
the goal or the indication of offside-positions is one of the already available applications

44 nhttp://www.autodesk.com; http://www.delmia.com; http://www.tecnomatix.com;
http://www.dassault.com

45  http://www.igvolution-services.com; http://www.zf-laser.com



CONTECS 51

of Augmented Reality. According to Milgram and Kishino (Milgram and Kishino
1994)46, there is a 'mixed reality-continuum' reaching from the real environment to
completely virtual environments. Within this continuum several AR-approaches exist:
monitor-based video displays showing overlaid images, head-mounted displays
(HMDs) with see-through capability and completely graphic display environments like
CAVEs plus different variations of these examples.

Current AR-related research mainly focuses two aspects: the improvement of display
technology with regard to characteristics like resolution, brightness, field of view, con-
trast (plus: size, weight and costs) and the exact tracking of the position and orientation
of the user's head in order to enable correct matching of the overlaid graphics with the
view of the surrounding world (Feiner 2002; Azuma et al. 2001, p. 35).

Regarding the future development of VR technology Bainbridge estimates that com-
puter-generated virtual environments that are "so well tailored to the human senses
that people will be as comfortable in virtual reality as in reality itself" will be technologi-
cally feasible in the year 2030 (Bainbridge 2006, p. 342).

With regard to computer simulations a general trend towards the connection or rather
integration of former "stand-alone simulations" can be observed. Given the fact, that
the majority of the available simulation software solutions is focused on specific prob-
lems/tasks their "explanatory power" is consequently more or less limited. Hence, it is
hoped that approaches like "multi-scale modelling" or "parallel and distributed simula-
tion" which are based on the integration of different models or rather simulations en-
able analyses of problems which could not be examined on the basis of single stand-
alone software solutions (Fujimoto 2000).

Biological Information Processing

Biological systems appear to be much more energy efficient and robust than even the
most advanced engineered systems. Even with today's chip technology it remains a
challenge to build computer systems containing anything like the number of neurons
and connections that make up the brain. Also simple elements such as providing
power, and removing heat, are major issues in artificial systems. And yet through evo-
lution the brain has developed efficient solutions to these challenges. Studying the
brain can provide IT researchers also with new ways of thinking about the architecture
of computers, both at the level of the individual components and as networks of con-
nected processing units. Evolution has arrived at complex systems that can adapt to

46  http://vered.rose.utoronto.ca/people/paul_dir/IEICE94/ieice.html
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their environment and, within limits, to damage. Biologically Inspired Complex Adaptive
Systems (BICAS) look to nature for lessons (van Lieshout et al. 2006, p. 70).

Computer researchers can borrow from nature also in other ways. For example, con-
cepts drawn from embryology and Darwinian evolution may lead to the development of
devices that 'grow' and 'evolve' from simple basic components. The immune system of
animals could also provide ideas for enhancing the security of computer networks.
Biology could also provide ideas for the development of animal-like autonomous
'agents' that can learn their functions. These could be devices - hardware (robots) or
software - that can be entrusted with specific tasks. Such systems could find applica-
tions in diverse areas as space exploration, telecommunications and computer games.
While agents already exist, they lack the ability of living systems to work together and
to respond to their environment. The falling costs of bandwidth and computing have
enabled the growth of large-scale computing networks. For example, we are now
moving towards decentralised systems in large computing networks (e. g. Grid Com-
puting), in telecommunications, and defence. A challenge for network engineers is to
develop networks that can configure themselves and adapt to changing demands and
environments. Such systems should also have the ability to discover, diagnose im-
pending failures, or outside threats, and to act to prevent any disruptions. Nature has
tackled just this challenge in the development and evolution of the neural systems of
humans and animals. (Morris et al. 2005; van Lieshout et al. 2006, p. 70).

1.3.7 Pattern recognition

Although pattern recognition is a broad area which generally aims at the identification
and interpretation of signals and patterns by computers, the majority of the visions in
the field are related to automatic speech recognition and the detection of visual
patterns, called image recognition. Many pattern recognition techniques are based on
databases, which include a certain amount of knowledge (rules, pattern samples) and a
software component, which compares incoming data streams with the system's
knowledge base. The main goal is to develop software solutions, which are able to
recognise speech and images despite certain discrepancies between the
received/incoming information and the stored datasets.
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Visions

The visionary application ideas are quite diverse and encompass applications like
natural language driven vehicles, automatic translation systems, surveillance systems
to identify people and detect their activities, and many others.

For instance, speech recognition in combination with a text display is thought to serve
as a "sensory substitution” for deaf people (Loomis 2003, p. 214). Other examples
include voice-controlled guidance systems on the basis of GPS- and GIS-systems or
natural language-driven mobiles (Wolbring and Golledge 2003, p. 272; Golledge 2003,
p. 135). Furthermore, speech recognition systems play an important role within the
Ambient Intelligence concept as they are supposed to ease "the use of technological
tools for the casual user" (Bibel 2004, p. 30). An additional field of research that is
closely related to speech recognition is the development of voice stress analysis
systems, which might help to identify potential hijackers and/or terrorists in the future
(Fainberg 2003, p. 345).

Regarding image recognition or rather computer vision systems, one central area of
research is the recognition of faces and the classification of facial expressions like joy,
anger and fear (van Lieshout et al. 2006, pp. 39-40; Fainberg 2003, p. 345).

Another approach to pattern recognition is the simulation of human perception
mechanisms. The most prominent example of this strand of research is the so-called
"connectionism" which hopes to simulate human perceptive (and also intellectual)
abilities using artificial neural networks (Bishop 2001).

State of the art

Some examples for successful speech recognition based products already exist, like
medical reporting systems or "reading tutors" for illiterate people. However, current
software programs still miss 2 to 5% of all words.

Regarding image recognition, certain applications like industrial quality control systems
on the basis of computer vision for the inspection of manufactured goods or systems
for forest surveys and crop/land-use identification are well established. Yet, more
complex tasks like the computer-based assessment of the aesthetic appearance of
products or the recognition of faces remain difficult (van Lieshout et al. 2006). With
respect to surveillance systems based on pattern recognition a variety of biometric
methods like fingerprint, iris, face and voice recognition have already been established
on the market.



54 Deliverable 3.1 Part A

An up to date example is the biometric passport (ePass) which has been introduced
within the last two years in many states world wide. The ePass is a combined paper
and electronic identity document using biometric data stored on a Radio Frequency
IDentification tag (RFID-tag) to authenticate the citizenship of travellers. For
authentication, the stored reference data like the digital photo is compared with actually
acquired data. A key factor for the quality of biometric systems is the probability of
errors. Thus, error rates like the false acceptance rate (FAR), the false rejection rate
(FRR), etc. have to be optimized. Given the fact, that the existing mathematical
modelling approaches and algorithms for pattern recognition still seem to be open for
improvement some researchers conclude that multi-modal recognition methods might
be a solution (Zhao et al. 2003).

For the development of successful pattern recognition systems, scientists and
engineers from disciplines like linguistics, computer science, software programming
and hardware development have to work together.

1.3.8 Robots and intelligent systems

This topic embraces visions and approaches that are predominantly influenced by
concepts like Artificial Intelligence (Al), Sociable Technologies (ST) or Ubiquitous
Computing (UbiComp).

The ability to rend machines closer to man, by creating artificial systems that interact in
an ever-increasing human-like manner and blend into man's surroundings is a funda-
mental aspect of the goal behind the NBIC initiative. In addition, the invention of novel
computing paradigms and systems for improved processing of human and biological
data is a key to understand the converging technologies agenda. In this sense, natural
machines and information processing in the NBIC cover a wide range of development
areas. From biomimetic and bio-inspired processing systems to improve software and
hardware robots that interact with man, such as swarming internet agents or coopera-
tive factory robots, to new computing paradigms based on molecular, neurophysiologic
and nanotechnology advances, the goal in natural systems is to absorb the advances
of enabling NBIC technologies to generate more permeable and natural machines and
information processing systems. The field thus draws heavily from advances in the
cognitive sciences and molecular biology, as well as from hardware support and
innovative solutions brought about by the nanotechnology revolution (Duch et al. 2005).
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Visions

Central to the concept of Al is the idea that one day it might be possible to develop
intelligent devices that "mimic cognitive processes of the brain and the mind", are
functionally equivalent to the human brain and which could be used for a wide range of
purposes and functions like sensing, perceiving, memorising, controlling, acting and
learning (Moravec 1999, Kurzweil 2005, van Lieshout 2005) (http://www.efmn.info).
Concerning research activities on Al and intelligent systems it has to be stated that
very different disciplines are engaged in this field. Examples include software
engineering, robotics, industrial automation and operations research (Albus et al. 2003,
p. 282-284). Moreover, Albus et al. expect that intelligent systems will increase the
economic productivity and will therefore create wealth (Albus et al. 2003, p. 287). In
addition, he states that "intelligent machines have begun to exhibit a capacity for self-
reproduction" such that an "exponential increase in the intelligent machine population”
will occur because "machines can evolve from one generation to the next much faster
and more efficiently than biological organisms" (Albus et al. 2003, p. 289).

The concept of ST aims at the development of intelligent devices and robots which
offer people new forms of social relationships, e. g. medical care robots which could
provide personal contacts or household robots that are able to support aging people.
With respect to SSH, the ideas and visions within this category can be divided into
three different subsets in principle:

(1) The first subset includes technical solutions which ease the establishment of social
relationships or rather "augment our ability to be aware of with whom we may wish to
connect" like the 'social sensing' devices described by Burger (Burger 2003). The
central component of these 'social sensing' systems are Personal Information
Managers (PIMs) that store their owner's personal profile and which can be connected
via wireless ad-hoc-networks - operating just in the immediate vicinity (Burger 2003,
p. 164-165).

(2) The second subset entails so-called sociable robot technologies, which offer people
"new forms of social relationships" (Turkle 2003, p. 150). First examples of this kind of
technology are toys like Furbies and Tamagotchies or Sony's AIBO. More visionary
approaches, which also belong into this group focus on the development of medical
care robots, which could provide 'personal contact', or household robots that are able
to support aging people (HLEG 2004a; Bibel 2004, p. 30).

(3) The third group are the so-called socially intelligent agents: software programs
which could "serve as intelligent tutors, nannies, personal shoppers, etc." and which
could also be used to simulate the behaviour of groups of humans in order to analyse
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"the efficacy, feasibility, and impact of new technologies, legislation, change in policies,
or organisational strategy" (Carley 2003, p. 309).

The idea of UbiComp is that everyone will be surrounded by computing and networking
technologies embedded in his or her respective environments. Hence, Ubiquitous
Computing will make it possible to access needed information everywhere and will also
provide different forms of distributed services and support (Bainbridge 2006). One
important component of the concept is smart objects for everyday use (IST Advisory
Group 2003) (http://www.cordis.lu/ist/istag-reports.html). Bainbridge (Bainbridge 2006,
p. 341) assumes that the communication and information systems, which will build the
basis for UbiComp environments, will have the capability to learn and adapt
automatically - "based upon an understanding of human behaviour". Moreover, he
predicts that "self-configuring, self-protecting, and self-monitoring" communication
networks, which are necessary for ubiquitous computing, will soon be available
(Bainbridge 2006, p. 341). According to Sandberg and Bostrom ambient intelligence
and smart objects also have the potential to improve the effective cognitive power and
memory of humans (http://www.enhanceproject.org). Consequently, the resulting
"effectiveness of administrators in business, education, and government" will lead to
the emergence of new organisational structures and management principles
(Bainbridge 2006, p. 338).

A very imaginative vision mentioned by Albus et al. (Albus et al. 2003) in the first of the
NBIC report is a system called "The Personal Communicator". According to them this
system would remove barriers to communication caused by physical disabilities,
language differences, geographic distance, and variations in knowledge. Furthermore,
it is stated that "The Communicator" will improve group decision-making processes,
and will therefore enhance the effectiveness of cooperation in schools, corporations,
and government agencies. Other areas of focus are in enhancing group creativity,
cognitive engineering and learning as well as developments related to the networked
society. A similar system has been described in the "Scenarios for Ambient Intelligence
in 2010" where Dimitrios' "Digital Me" is embedded in his clothes, handles his
communication intelligently by selecting the appropriate action for each call (IST
Advisory Group 2001).

State of the art

Concerning the current state of Al, one could conclude that Al research has, even
though it still lags behind its self-imposed expectations, already achieved certain
advances in different sub-domains like expert systems, autonomous robots (e. g.
"Stanley" the robot which won the DARPA Grand Challenge in 2005) and in Al theory
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and algorithms, such as search and planning algorithms, machine learning or pattern
recognition algorithms. Furthermore, Al has developed from a separate part of
computer science to an area of research which influences other disciplines like the
cognitive sciences, psychology, robotics etc. and vice versa (Waltz 2006; van Lieshout
et al. 2006).

Regarding sociable technologies, first examples of this kind of technology were toys
like Tamagotchies or Sony's AIBO. Moreover, certain positive effects caused by the
use of such robots in hospitals and in homes for the elderly have already been
demonstrated in different experiments, such as mood improvement by interaction with
a seal robot (Wada et al. 2004). Nonetheless, it is emphasised that a deeper theoretical
understanding of emotions is necessary for the advancement of emotional robotics.

Until now, the ubiquitous computing concept is still in its infancy but nevertheless some
functioning proof-of-concept systems exist. They include for example different kinds of
wearable computers, e. g. fabrics that incorporate electrical circuits and which could be
used for health monitoring or the "smart environment" of the so called Gator Tech
Smart House which is based on connected sensors, actuators and computers (Helal et
al. 2005).

Nanorobots: The idea to develop nanorobots autonomously carring out activities, e.g.
healing operations in the human body, has been controversly discussed in the last
years (Drexler 1992; Smalley 2001, Whitesides 2001). The field of nanorobotics can be
generally devided into two main areas (Weir et al. 2005, Freitas 2005, 2006):

1. The first area deals with the design, simulation, control, and coordination of robots
with nanoscale dimensions. Much of the research conducted in this area remains
highly theoretical at the present, primarily because of the difficulties in fabricating such
devices. Although artificial nanorobots do not yet exist, nature’s biological nanorobotic
systems do exist and provide evidence that they are at least possible. As a result,
nanorobots have for the most part been explored in the biological context of
nanomedicine (Requicha et al. 2003; Weir et al. 2005).

Examples have been discussed in section 4.2 in connection with drug delivery systems
and in section 4.3 in connection with synthetically engineered biological robots. In
terms of a top-down approach todays tiniest mechanically engineered robots have
sizes in the range of a millimetre, with micrometer scale components. This kind of
technology is called microrobotics.

2. The second area deals with the manipulation and/or assembly of nanoscale
components with macroscale instruments or robots. Due to the advances in
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nanotechnology and its rapidly growing number of potential applications, it is evident
that practical technologies for the manipulation and assembly of nanoscale structures
into functional nanodevices need to be developed. Nanomanipulation and
nanoassembly may also play a crucial role in the development of artificial nanorobots
themselves. Manipulation at the nanoscale is still in its infancy and the physical and
chemical phenomena at this scale are not completely understood (Weir et al. 2005).

In the field "Robots and intelligent software/ devices", scientific disciplines like
computer science, cognitive science, psychology and hardware development have to
come together and combine methods in order to achieve substantial progress.

1.3.9 Summary

The analysis of the visions and the state of the art research in the overlapping fields of
Nano, Bio, Info and Cogno has shown that convergence is indeed under way in various
fields. Central impulses for convergence are coming from the field of neuroscience.
Multi- and interdisciplinary research seems to be the key to future scientific break-
throughs.

However, the analysis has shown that visions and the state of the art research are
considerably distant from each other in all eight fields. The gap is especially wide in the
two human enhancement fields, namely the Brain/Neuro enhancement and the
Physical enhancement and Biomedicin areas. In the remaining six fields, the distance
is not as wide and visions can turn into concrete applications in the not too distant
future.

On reason for this finding might be that in the enhancement fields, there are more
disciplines, methods and approaches to be combined than in the other fields. Here, the
need for interdisciplinary research and technology development co-operation is very
high combined with extremely high costs of failures.

In neuroscience and biomedicine there is a strong focus on medical applications and
improvements of treatments and therapies. Clinical research and the focus on healing
the human mind and body are not so present in the other six areas, maybe with the
exception of synthetic biology. Current research priorities in these three fields do not
mention enhancement as an explicit goal.

Looking at all eight fields, no pattern or "lead convergence" could be found.
Convergence is needed almost everywhere encompassing very different sub-fields and
sub-discipilnes. However, it became obvious that most impulses currently come from
the three areas of neuro enhancement, physical enhancement and synthetic biology.
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It has to be emphasised that a consequent application of the convergence concept may
lead to very different results — even to results not thought of today. For example new
understandings of the brain may have effects on the development of new IT-applica-
tions. Duch et al. (2005) list the following potential applications that might evolve from
advances in brain research, supposed the convergence approach is followed conse-
quently: "From biomimetic and bioinspired processing systems to improve software and
hardware, robots that interact with man, such as swarming internet agents or coopera-
tive factory bots, to new computing paradigms based on molecular, neurophysiologic
and nanotechnology advances, such as quantum or DNA-computing systems, the new
understanding could be used". But it also works the other way round, namely new
computer hardware and data processing techniques could lead to a better under-
standing of the brain. Another example is the bioinformatics” quest to model the evolu-
tion by simulating cell behaviour. From their simulations, an explanation model for can-
cer could result - or a method to build better computers (Bottcher 2006). These
examples show that the outcome of the convergence development is open and does
not necessarily have to lead to mental or physical enhancements as some proponents
may suggest.

Also, in some areas such as artificial intelligence, which we subsumed in the field of
"Robots and intelligent systems", convergence does not describe a new approach but
includes an existing research field, which could profit from a more rigid trans- and
interdisciplinary approach as suggested by CT.

All the technology areas mentioned above, including "Neuro/Brain Enhancement" have
SSH-consequences of their own. In a next step, these will be worked out in detail. As a
result, it will be possible to ask SSH-relevant questions on the basis of a better under-
standing of the developments in the different technology fields.
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Part ll: Social Sciences and Humanities Aspects
1.1 SSH aspects from the main CT documents

1.1.1 Transferring methods and concepts

A pre-eminent topic in the CT-discussion is the claim to transfer methods, approaches,
concepts and insights from one science area to another in order to enable future scien-
tific breakthroughs. The notion of multi- or interdisciplinary is at the bottom of the CT
debate and has many facets. Whereas the concept of an overall convergence of Nano,
Bio, Info and Cogno remains relatively vague, there are at least two areas where the
transfer of methods and concepts is of special importance according to the central
documents of the debate: The transfer from the natural sciences to the social sciences
and the transfer from biology or nature to information technology and engineering. The
second of the above areas relates to concepts like biomimetics, bioinspired
nanoelectronics, biological language modelling, intelligent systems, software describing
human functions, etc.

Visions
Transfer from natural sciences to social sciences

Concerning the transfer of concepts from the natural sciences to the social sciences
the CT debate mainly follows the argument put forward by E. O. Wilson in his book
"Consilience: The Unity of Knowledge" (Wilson 1998). Wilson, who is an evolutionary
biologist, is convinced that the "world is orderly and can be explained by a small
number of natural laws" (Wilson 1998, p. 4). This conviction also comprises human and
social behaviour and implies that all social and cultural developments will be
transparent and predictable as soon as the natural laws are understood. Wilson writes:
"All tangible phenomena, from the birth of stars to the workings of social institutions,
are based on material processes that are ultimately reducible, however long and
tortuous the sequences, to the laws of physics. In support of this idea is the conclusion
of biologists that humanity is kin to all other life forms by common descent" (Wilson
1998, p. 266). Bainbridge and Rocco explicitly refer to Wilson's book in the third NBIC-
conference documentation (Bainbridge and Roco 2006, p. 1).

The CT debate is characterised by this movement from the smallest parts of matter to
highly complex social and cultural phenomena. For example, Banfield draws the line
from the molecular to the global scale (Banfield 2003, p. 294). In the documentation of
the first US-conference on CT, Gerold Yonas and Jessica Glicken Turnley suggest to
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connect natural science and behavioural science using an approach they call "Socio-
Tech: The predictive Science of societal behaviour". An illustration of this idea is given
in fig. 6.

The natural sciences and the social sciences should be brought together in order to
describe and predict individual behaviour and the behaviour of whole societies. Begin-
ning with advances in genomics and human physiology Yonas and Glicken Turnley are
convinced that this understanding can be transferred and used for a full description and
possible prediction of human behaviour and the development of societies (see fig. 7).
"Socio-Tech" is defined as "the accumulation, manipulation, and integration of data
from the life, social, and behavioural sciences, using tools and approaches provided by
science and technology" (Yonas and Glicken Turnley 2003, p. 159). It draws on the
convergence of information from the life sciences, the behavioural sciences including
psychology and the study of cognition, and the social sciences. According to the
authors, its data gathering and analysis approaches come from these fields and are
significantly augmented by new tools from fields such as nanotechnology, engineering,
and the information sciences. Also, agent-based simulations, models incorporating
genetic algorithms, evolutionary computing techniques, and brain-machine interfaces
provide new ways to gather data and to analyse the results.

Figure 6: From genomics to social behaviour: Integrated studies of human be-
haviour and "Socio-Tech"
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Source: Yonas and Glicken Turnley 2003

Taken together this knowledge will raise the ability to predict behaviours. It will also
"allow us to interdict undesirable behaviours before they cause significant harm to
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others and to support and encourage behaviours leading to greater social goods"
(Yonas and Glicken Turnley 2003, p. 160).

Also, the daily decision making process is expected to be of better quality with a
deeper understanding of the biochemical basis of life: "Average persons as well as
policy makers will have a vastly improved awareness of cognitive, social, and biological
forces operating their lives, enabling far better adjustment, creativity, and daily decision
making" (Bainbridge 2006, p. 338).

Wilson as well as the proponents of CT criticise that the social sciences have not been
able to develop methods that explain and predict human behaviour. The reason for this
is that the "sciences of human culture have lacked a formal paradigm and a rigorous
methodology." (Strong and Bainbridge 2003, p. 318; Wilson 1998, p. 181ff). Thus, a
fresh approach to culture, based on biological metaphors and information science
methodologies should be developed. One important reason - apart from providing valid
explanations and predictions on social developments - is that this should provide
cognitive science with a host of new research tools (Strong and Bainbridge 2003,
p. 318). This remark illustrates that the transferring of concepts should work in both
directions, whereas a prevalence of natural sciences concepts is always assumed.

Figure 7: Socio-Tech: Understanding and predicting society on the basis of tech-
nical advances
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A fundamental concept when transferring natural science approaches to cultural phe-
nomena is the "meme". Analogous to the gene in biological genetics, the "meme" is an
element of culture that can be the basis of cultural variation, selection, and evolution.
Strong and Bainbridge explain: "Because memes are passed from one individual to
another through learning, characteristics an individual acquires during life can be
transmitted to descendents. This is one of the reasons why memes may evolve more
rapidly than genes" (Strong and Bainbridge 2003, p. 318). For decades, various an-
thropologists have considered whether or not there is a cultural equivalent of the hu-
man genome underlying differences of belief and behaviour across groups or whether
cultural context differentially expresses elements from a common repertoire available to
all humans. One way to approach the issue, Strong and Bainbridge suggest, is to study
culture with methodologies similar to those of bioinformatics.

The preoccupation with memes as cultural equivalents to genes results in a vision
which is expressed by Bainbridge in the third NBIC-documentation: "A fresh scientific
approach to culture, based on concepts from evolutionary biology and classification
techniques from information science, will greatly facilitate humanities scholarship, mar-
keting of music or literature, and artistic innovation" (Bainbridge 2006, p. 342).

In his summary of CT-visions, Bainbridge lists the following future achievements in the
context of systems transfer:

- Science will achieve great progress in understanding and predicting the behaviour
of complex systems, at multiple scales and between the system and the environ-
ment (Bainbridge 2006, p. 343).

- A predictive science of the behaviour of societies will allow us to understand a wide
range of socially disruptive events and allow us to put mitigating or preventive
strategies in place before the harm occurs (Bainbridge 2006, p. 344).

- Extremely efficient research tools will extract previously unknown biological infor-
mation from DNA, protein, cells, tissues, organisms, and society as a whole (Bain-
bridge 2006, p. 341).

- Average persons as well as policy makers will have a vastly improved awareness of
cognitive, social, and biological forces operating their lives, enabling far better ad-
justment, creativity, and daily decision making (Bainbridge 2006, p. 338.

Transfer from biology or nature to information technology and engineering

Another example for transferring concepts from one science area to another is Biomi-
metics. According to Bibel et al., biomimetics is a new field in engineering basically
copying good ideas from nature to engineering. Subfields of biomimetics are organic
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computing and Artificial Intelligence. Also, genetic algorithms are mentioned in this
area. The transfer of methods and principles from nature into artificial surroundings like
software programming is the typical method followed here (Bibel et al. 2004, p. 42).

Bionics is another area in which the transfer idea is implemented. Here, the following
fields are affected: robotics, locomotion (walking and the coordination of movements as
a systemic problem), sensors and neural coordination (optical and sonic sensors),
motions, neural networks, coupling of biomolecules with technical systems, e.qg.
electronic measuring, anthropological and biomedical technology (implants), use of
microwaves, evolution and optimisation, simulations to improve systems (Nachtigall
2002).

Especially the translations of concepts from biology to information science and vice
versa are expected to have important impacts in the future: From biomimetic and bioin-
spired processing systems to improve software and hardware robots that interact with
man, such as swarming internet agents or cooperative factory bots, to new computing
paradigms based on molecular, neurophysiologic and nanotechnology advances, such
as quantum or DNA-computing systems, the new understanding could be used (Duch
et al. 2005; Kolo et al. 1999).

Furthermore, nanotechnology is expected to profit from biology concepts: Porod et al.
report of creating machine architectures with inspirations from biology, calling it
"biologically inspired nanoelectronics”" and Venneri et al. create a vision for a
nanobiologically inspired aircraft (Porod et al. 2004; Venneri et al. 2003).

A paradigmatic example for concept transfer and the movement from the micro to
macro level is an area called "Biological language modelling" which is preoccupied with
the convergence of computational linguistics and biological chemistry. In their article in
the first NBIC-conference documentation, Klein-Seetharaman and Reddy explain the
vision in their field:

"The deeper analogy between biology and language suggests that successful
sequence function mapping is fundamentally similar to the ability to retrieve,
summarize, and translate in computational linguistics. (...) The strength of the
analogy between biology and language lies in its ability to bridge across scales -
atomic, nanostructural, microstructural, and macroscopic - enabling profit from
the convergence of other disciplines. (...) It will be possible to examine what
combinations of amino acid sequences give a meaningful sentence, and we will
be able to predict where spelling mistakes are inconsequential for function and
where they will cause dysfunction. At the most fundamental level, we aim at de-
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ciphering the rules for a general biological language, i. e., discovering what as-
pects are common to all sequences. This will enhance our fundamental under-
standing of biological molecules, in particular how proteins fold and function. At
the second level, we ask how differences in concentrations, interactions, and ac-
tivities of proteins result in formation and function of different cell-types and ulti-
mately of organs within the same individual. This will allow us to understand the
principles underlying cell differentiation. The third level will be to analyse the
variations among individuals of the same species, the single nucleotide polymor-
phisms. We can then understand how differences in characteristics, such as in-
telligence or predisposition for diseases, are encoded in the genome sequence.
Finally, the most general level will be to analyse differences in the biological lan-
guages of different organisms, with varying degree of relatedness. Ideally, all life
on earth will be catalogued” (Klein-Seetharam and Reddy 2003, p. 428ff).

State of the art

Concerning the transfer of concepts, methods, approaches and insights from one dis-
cipline to another, it can be said that this is not exclusive to the CT debate. To the con-
trary, in almost all scientific areas the transfer of concepts and the integration of in-
sights from different disciplines is happening every day. Science-Technology research-
ers are generally expecting important future breakthroughs from these approaches
rather than from advancements within certain disciplines (Schwartz 2003, p. 161ff).
Although there might be still too few incentives for researchers to engage in
interdisciplinary projects (see chapter 4.9), claims for interdisciplinarity are anything but
new.

What makes it difficult to define the state of the art in transferring concepts is the fact
that within NBIC, there are so many and very heterogeneously structured areas in-
volved. Some of them were mentioned above.

Transfer from natural sciences to social sciences

With the focus on the Social Sciences and Humanities (SSH), one approach surely
needs further attention: The transfer of natural science concepts to the realm of social
science as it was described in the paragraph on "Socio-Tech". Whereas E. O. Wilson
carefully tries to avoid the notion of biological determinism of human behaviour, the CT
debate, at least in the US-context, does not. As such, this discussion resembles socio-
technical and social engineering approaches of the 1960s and 1970s, which were de-
veloped in a climate of planning euphoria and the conviction, that national economies
and the society as a whole can be universally controlled by applying scientific planning
tools (Brinckmann 2006). Today, these approaches are clearly in a minority position.
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Mainstream Science & Technology Studies as well as Political Science would strongly
argue against the notion of planning and prediction of society as a whole on the basis
of biological or evolutionary principles, respectively. They would also point to the
discussion in the context of transferring biological and information technology concepts
to society under the headline of "cybernetics" which was brought up by the American
mathematician Norbert Wiener in the 1940s and 1950s (Bluma 2004).

However, the verve and omnipresence of the biological determinism and reductionism
of the CT debate might prompt the social sciences to systematically deal with the con-
cept anew. A common line of argument is that - even if it is right that the arts and the
humanities will ultimately yield to reduction - it is not imaginable how humans with their
limitations can actually do it. It is held that in the social sciences like sociology, eco-
nomics, and psychology, for example, and even more so in the world of the humanities
and the arts, reduction is so complex that an attempt to reduce them to simple natural
laws and reassemble them to the complex phenomena they are is "comparable (in re-
verse order) of putting Humpty Dumpty back together again" (Littrell 2004). Dennis
Littrell in his book review of Wilson's Consilience gives the following analogy:

"I cannot even imagine how reductionism could help us to understand a poem.
There is a dictum among poets that "nothing defines the poem but the poem it-
self.” No amount of reduction will allow us to understand what makes the poem
tick. This is because the poem is an experience, a human emotional, intellectual,
sensual experience dependent upon not only the literal meaning of the words, but
on their connotations, their sounds, their rhythm, their relationships to one an-
other, their syntax, their allusions, their history, their use by other poets, etc., and
also what the individual reader of the poem brings to the experience. Reduce the
poem and you do not have an understanding of the poem. At best you have an
essay on the poem, at worst something alien to the aesthetic experience. In
essence, | should say that the problem with consilience is that our experience is
not reducible” (Littrell 2004).

Interviews have shown that consilience of science is not a serious topic in the social
sciences and humanities. The consilience of science for social and humanities are
supposed to become a grand narrative of scientific progress that is usually rejected by
Science-Technology-Studies scholars.

Also, the concept of the "meme", as an analogy to the gene determining biological de-
velopment, has been criticised by social scientists. Although some researchers hold
that the "meme" is a concept that could revolutionise the social sciences as the discov-
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ery of DNA and the genetic code did for biology, most social scientists are convinced
that the concept cannot produce a general theory of social evolution mainly because
requirements for Darwinian evolution do not map into the social domain (Aunger 2000).

Opponents of the meme-concept hold that there is a lot we do not understand about
human behaviour in groups, its relation to learning, cognition, or culture. There is no
general theory that situates cognition or culture in an evolutionary framework, Darwin-
ian or otherwise. It is also hard to conduct science in the social domain, not just be-
cause it is difficult to conduct experiments, but also because it is difficult to be objec-
tive. Even Strong and Bainbridge admit that "prior efforts to 'darwinise' culture have a
long and ignoble history" (Strong and Bainbridge 2003, p. 318). The question naturally
arises as to what is new that might allow progress this time around?

Transfer from biology or nature to information technology and engineering

Concerning the "fresh approach" to culture on the basis of biological metaphors and
information science methodologies which is called for in the CT debate in the U.S., it
has to be noted that this approach goes beyond a mere operationalisation of social
science concepts for natural sciences in order to get new impulses in the brain
research as is the case in the field of social neuroscience (Halligan et al. 2005)47. It
has a much more general pretence, claiming that the social science might only
overcome its alleged non-scientificness, when opening to concepts of the natural
sciences.

11.1.2 Organising interdisciplinarity for convergence

Visions

Because convergence can only occur when different disciplines and technology areas
come together and combine methods, approaches, concepts and insights, interdiscipli-
narity and the ways to realise it stand at the centre of the idea. Put as a vision, conse-
quent interdisciplinary research will revolutionise the work of scientists: "This revolution
will occur when scientists begin to import approaches pioneered in other sciences, for
example genetic research employing principles from natural language processing and
cultural research employing principles from genetics" (Bainbridge 2006, p. 339).

In addition to transferring approaches from other sciences, a new services science dis-
cipline will emerge, based on knowledge and skills at the intersection of existing disci-

47  http://www.esrcsocietytoday.ac.uk
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plines, "with the ability to increase the probability of success of complex service indus-
tries and to improve organisational management in general (Bainbridge 2006, p. 341).

This goes together with the hope that in the future, individuals and teams will be able to
communicate and cooperate profitably across traditional barriers of culture, language,
distance, and professional specialisation. According to Bainbridge, this will result in a
significant increase in effectiveness of groups, organisations, and multinational
partnerships (Bainbridge 2006, p. 338).

The question is, how can this be done and what instruments can be used to enable
interdisciplinary thought and research. The main authors of the CT debate have two
answers to this question: The first refers to artificial brain enhancements, which is ex-
pected to be feasible in the future and the second states that interdisciplinary research
requires interdisciplinary education including the respective incentive structures.

Typical for the first possibility is Bainbridge's statement that in the future, using brain
enhancement technology, "people from all backgrounds and of all ranges of ability will
learn valuable new knowledge and skills more reliably and quickly, whether in school,
on the job, or at home" (Bainbridge 2006, p. 338). Networks with new connecting
equipment will also contribute to this leap in education and learning (Strong and Bain-
bridge 2003; Bainbridge 2004; Horn 1998).

The second answer to the interdisciplinarity challenge is associated with the idea of
consilience of all sciences, whether natural science or social science, mentioned in the
section above. Bainbridge summarizes this vision as a statement, claiming that in the
future, formal education "will be transformed by a unified but diverse curriculum based
on a comprehensive, hierarchical intellectual paradigm for understanding the architec-
ture of the physical world from the nanoscale through the cosmic scale" (Bainbridge
2006, p. 339).

Concerning concrete measures or changes in established incentive structures which
could foster interdisciplinarity in research and technology development, nothing specific
or new is being proposed by the CT-supporters. Their suggestions are rather general
as a typical statement by Duch et al. shows (Duch et al. 2005):

"How to train new engineers and scientists to use these new concepts as basis
for a new way of thinking, hence creating their own new culture? On one side, to
be a convergent engineer means to have a wide multidisciplinary background
covering the most important fields and technologies associated to the NBIC dis-
ciplines. However, because of the wide range of domains involved, it is impossi-
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ble to be expert in all of them. That is, very skilled specialists will still be needed
for each specialised domain and/or focused applications. However, those spe-
cialists should be very open-minded and ready to integrate and/or to work in
close relations with many other technologies that can be very different from their
own working topics. Anyway, what is clear is that to fully develop NBIC technolo-
gies and their applications, a lot of training courses are needed in order to
change the technology culture, e. g. the way of thinking of the new engineers.
Moreover, to have a real impact on the NBIC world of tomorrow, we should start
as soon as possible with training programs focused on the appropriate subjects.”

To illustrate the scope of interdisciplinary research needed to develop NBIC-applica-
tions, a statement by Duch et al. shall be given here:

"As with the other components of the NBIC initiative, the revolution spurred by
genetics can only bridge the gap from lab to man when mutually enabled by con-
verging technologies. Based firmly on the revolution of bioinformatics, genetics
can target issues like gene therapy and the genetic engineering of crops, but it
can also advance converging technologies by deciphering crucial aspects of the
development of brains or unveiling the complex molecular interactions in biologi-
cal nanoactuators, transducers and enzymatic reactions. Its future interplay with
nanotechnologies for the creation of pervasive systems, drug delivery modules or
cellular interfaces, and with information technologies for the creation of models of
cells and minimal genomes, may hold the key to dramatic advances. In addition,
genetic engineering may also bring about the possibility to engineer man in a
novel and profound way, allowing the directed growing of natural prostheses and
more natural brain-machine interfaces. In this effort, genetic and somatic engi-
neering will be assisted heavily by bioinformatics, but also by advances the mi-
cro-mechanisation and automation of molecular biology techniques, and by new
advances in nanotechnology that allow the development of enhanced cell inter-
faces and drug-delivery systems" (Duch et al. 2005).

Although they strongly focus on genetics it becomes clear how comprehensive the idea
of convergence is seen and what the scope of expectations is.

Another area, where the need for interdisciplinary research becomes obvious is the
field of prosthetic limbs and organs (see also section 4.2). In order to produce fully
adapted muscular stimulators and prosthetic limbs and organs it is necessary to bring
together various technological fields. Duch et al. 2005 list the following technologies:
"from newly developed nanotechniques for improving biocompatibility in implants,
point-delivering neurotransmitters or habilitating nano-sized sensors, to huge
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technological development in information processing techniques and micromechanics
to create neural prosthesis or a powerful boost in the understanding of brain machinery
and function" (Duch et al. 2005).

Convergence ideally works both ways, mutually enabling the advance of basic re-
search and the improvement of health at the same time. It is expected that converging
technologies will allow to monitor and manipulate many parallel events in real time and
will provide powerful tools not only for basic neuroscience research but also for the
diagnosis and treatment of many neurological diseases: "This integration will provide
the basis for the design and development of large arrays of devices, multiplexed func-
tional systems and platforms able to safely interact with a complex biological structure
such as the nervous system" (Duch et al. 2005).

State of the Art

Interdisciplinary research is surely a field which draws a lot of attention and study by its
own and which is an important subject outside the NBIC debate as well (Thompson-
Klein 2003; Stehr and Weingart 2000). But it has a special meaning within the NBIC
debate which actually describes a research area not yet existing and claiming to bring
unity to science and revolutionary scientific results at the same time.

As a blueprint for dealing with interdisciplinary aspects, nanoscience and -technology
could be used, where similar problems and issues arise (Gorman 2003a, 2003b).
However, it has been stated that in the nano field, what is happening is not
interdisciplinary research but multidisciplinarity, meaning the loose involvement of
different knowledge areas and the absence of established systematic connections,
overlaps or integrations (Schummer 2004a, p. 11). In fact it has been criticised that
"there is currently a naive rush from the badly understood interdisciplinarity towards
new visions of super-interdisciplinarity to be centred on nanotechnology" (Schummer
2004a, p. 9). "Super-interdisciplinarity” refers to the unity of all sciences or at least to a
series of scientific disciplines. According to Schummer, neither in nanotechnology nor
in the field of converging technologies interdisciplinary programs have been
established yet.

It is also an open question in how far the claim for interdisciplinarity is in many cases
just lip-service considering that fact that scientific merits are still to be achieved within
established disciplines within canonised subjects. Schummer has noted that most
researchers continue to stay within their theoretical frameworks thus making in-
terdisciplinarity a hollow promise (Schummer 2004c).
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Interviews with researchers in the US and Germany brought some insights in how
interdisciplinarity is perceived in research practice. Among scientists there was
consensus towards the fact that interdisciplinary research in the way it is
governmentally funded is not always improving scientific output. In many scientific
fields interdisciplinarity is only the product of external settings: In these fields there are
no internal scientific processes that foster interdisciplinary research. Some of the
scientists argued, it would not improve individual career opportunities.

On a more general level, it is considered an open question whether breakthroughs will
arise from interdisciplinary projects or from advances within certain disciplines
(Schwartz 2003). Here, CT-supporters tend towards the first option, practically ruling
out the possibility that critical progress can also be achieved within established
disciplines. However, no concrete instruments or specific approaches to realise inter-
disciplinarity are suggested by the proponents of NBIC convergence. It is stated on a
general level that researchers should work together across institutionalised scientific
borders, but no systematic attempts have been made so far to suggest how this can
been done specifically with respect to convergence.

Interestingly it seems that the question, how interdisciplinarity actually can be
supported and managed in the field of convergence is getting more attention as the
concept of convergence is getting more concrete: Whereas the contributions to the
2002-NBIC-conference documentation seem to deal with multi-, trans- and
interdisciplinarity on a rather general level, in the following conference documentations
the discussion is more detailed and concrete examples of successful combinations of
knowledge bases from different disciplines are reported from. The same is true for the
European documents on converging technologies. Especially the report of the Special
Interest Group 2 "Cultural Configuration of Convergence" discusses the difference
between a "nothing new"-approach and a "break through boundaries"-approach
(Staman et al. 2004, p.2ff).

It is suggested to analyse this observation more deeply in the course of the CONTECS-
project since a special form of interdisciplinarity seems to remain even as other claims
of the NBIC-debate may vanish.

11.1.3 Education

Visions

The category "Education” within the CT debate consists of two thematic fields. The first
deals with methods to increase the learning capacity by stimulating and enhancing
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brain activities and memory. This field forms a continuum ranging from mental training
as a "natural" cognitive strategy to the artificial acquisition of knowledge and skills by
uploading information into the brain using human-machine interfaces. The second field
deals with concepts of understanding, and holds that an improved understanding of the
biophysical principles of the human brain and the exploration of the sources of human
creativity can lead to expanded learning methods and better creative abilities. Although
there are overlappings with the fields "Neuro/Brain Enhancement” and "Transferring
methods and concepts" as well as "Organising interdisciplinarity for convergence"
which are described separately above, education is a separate area which deserves
special attention because convergence might have far-reaching consequences for fu-
ture methods and systems of education.

The first strand within convergence and education starts with training-based perform-
ance enhancement of the brain as opposed to biological modifications and considers
"natural" cognitive strategies like mental training and memory arts as techniques to
improve cognitive performance. The area of technologically enhanced memory and
learning starts with the vision to develop sophisticated monitoring of brain activity and
biofeedback techniques which will be applied in order to facilitate education "by
assessing students” learning strengths and improving their attention" (Bainbridge 2006,
p. 341). It continues with the vision of "Individualised Education" which will be based on
the identification of genotypic or phenotypic mitigations and thus enabling appropriate
education (Batterson and Pope 2003, p. 418).

Also, virtual environments and virtual reality systems which will be available with new
qualities as the convergence of neurosciences and information technology proceeds,
can be used for education and training (Roco and Montemagno 2004, p. 8f). This will
also improve long distance education and trainings thus having the potential to change
the whole educational system.

On a biophysical level, so-called neuroceuticals will increasingly be available to en-
hance an individual's learning capacity as well as concentration spans and reduce the
need for sleep (see section 4.1). Complementary, non-pharmaceutical methods for
altering, e. g. enhancing brain functions will increasingly being developed. Methods like
Transcranal Magnetic Stimulation (TMS) or vagus nerve stimulation and deep-brain
stimulation will also be used to enhance learning capacities in the view of some CT-
supporters.

The enhancement-idea culminates in the vision of "Instant learning”, as Robinett puts
it: If the structure of knowledge were fully understood, and if we controlled the
"hardware and software environment" of the mind, (...) just get the knowledge file and
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run the integrate procedure. Get a Ph.D. in Mathematics with "one click" (Robinett
2003, p. 169).

The second thematic field within "Education" concerns the understanding of brain pro-
cesses that are responsible for an individual's successful and effective learning. Un-
derstanding the connection between brain functions and education is the prerequisite
for adequate new teaching methods and as such the research in the understanding
forms a separate field in the CT debate (Bransford et al. 1999).

One of the aspects of this venue is to understand visual language, the communication
by pictures, icons, and diagrams: "With support from developments in information tech-
nology, visual language has the potential for increasing human "bandwidth," the ca-
pacity to take in, comprehend, and more efficiently synthesise large amounts of new
information. It has this capacity on the individual, group, and organisational levels. As
this convergence occurs, visual language will enhance our ability to communicate,
teach and work in fields such as nanotechnology and biotechnology (Horn 2003,
p. 141). In other words, a deep understanding of visual language will permit more effec-
tive interdisciplinary communication, more complex thinking, and breakthroughs in
education (Bainbridge 2006, p. 341).

Also, with an advanced understanding of the wellsprings of human creativity and with
the help of new tools to enhance brain activities, engineers, architects, and designers
will, according to Bainbridge experience, tremendously expanded creative abilities
(Bainbridge 2006, p. 338).

The projected unification of the sciences will also have profound effects on the educa-
tional system: It is foreseen that the new knowledge base and new cross-disciplinary
concepts will radically transform the system of science and engineering education.
However, it is left open what this transformation actually looks like (Bainbridge 2006,
p. 342).

State of the Art

Concerning the state of the art of research and technology development in the first
area - where natural, pharmaceutical, and artificial brain enhancements are considered
- detailed information was given in the sections 4.1, 4.3, and 4 .4.

Concerning the second area which deals with the understanding of learning processes,
some hints can be found in section 4.8. However, it can be said that in the field of
education - as important as it may be within the CT debate - only very few concrete
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results can be found. One of the few exceptions is "neuroeducation", a research field
which deals with the neural basis of learning and which tries to derive concrete
teaching techniques from this understanding. It has to be stated that some of the new
approaches to education claiming to be based on neuroscience are not new. They get
a new legitimation by neuroscience results and can claim concepts like emotionally
stimulated learning or individually experiencing instead of learning by mere lectures
(learning by doing) to be scientifically supported and validated.

Another exception is the detailed outline of a new, CT-based curriculum for K-12, de-
veloped by James Batterson and Alan T. Pope in the documentation of the first US-
NBIC conference. They line out their vision in a seven-page article claiming that con-
verging technologies hold the promise to revolutionise the teaching in grades K-12 and
beyond. They describe how the interplay of the different technologies could affect the
current curricula in terms of content, processes and tools for K-12 education (Batterson
and Pope 2003).

11.1.4 Governance

In a wider, non-technical sense, convergence has consequences for the economy,
politics and law, and society as a whole. These aspects of the CT-discussion are sum-
marised in this section although some aspects are directly related to technical ad-
vances which are discussed in more detail in the technical sections of this paper.

Under the headline "Governance" all aspects in the CT debate can be brought together
which deal with the economic, legal and political frameworks affecting the development
of NBIC - and being affected by the NBIC-development at the same time. Here, it is not
possible to speak of "visions" but rather of "approaches" of the different sub-systems of
society towards the technical development.

In the business sector, it is expected that new organisational forms need to emerge in
order to develop and manage NBIC-products (Carley 2003). Adaptive enterprises as a
function of NBIC products are being discussed as well as business management as
agent of change for the integration of converging technologies (Spohrer and Engelbart
2003). Balancing Opportunities and Investments for NBIC are also a subject (Williams
and Kuekes 2003) and it is being discussed how multisector and multidisciplinary re-
gional clustering of organisations can be achieved (Roco and Montemagno 2004, p. 9).

On a more general level, the impact of converging technologies on the future of busi-
ness and economy has been discussed from the beginning of the debate, for example
by Canton in the documentation of the first US-conference (Canton 2003). Canton
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claims that the convergence of NBIC technologies has the potential to realign the
nation's economy (Canton 2003, p. 74). But also in the European debate on
convergence, economic effects and measures to put Europe at the top of the research
and development have been discussed (Ringland et al. 2004).

Concerning necessary adaptations of the legal system, only very general suggestions
have been made so far. Sonia Miller, an attorney-at-law in New York, reports that she
was the only attorney present at the second NBIC-conference in Washington, D.C. In
her contribution to the conference documentation she dwells on rather general aspects
like the traditional role of law in society, methods of instruction in the education of
lawyers and the need of the legal system to follow scientific research closely. In her
contribution to the next NBIC conference (Miller 2004), she discusses how science
confronts the law with new methods of scientific evidence. As an example she uses a
novel forensic application of psychophysiological research called "Brain fingerprinting".
Brain fingerprinting is a real-time assessment of an individual's response to a stimuli in
the form of words or pictures presented on a computer monitor, with electrical brain
responses measured non-invasively through a patented headband equipped with sen-
sors. The aim is to find out whether or not the brain of a suspect contains information
about the crime-scene, only someone could have who was actually there. In 2001 brain
fingerprinting was admitted in a court trial and was responsible for exonerating a
prisoner who spent 22 years in prison for a murder he allegedly did not commit. Miller
says that the court was confronted with the question: "Is brain fingerprinting science or
pseudoscience?" and "How to distinguish fact from hype?" (Miller 2006, p. 281).

Put as a vision, Bainbridge sees a transformation of the legal system due to the
convergence development: "Convergence of technologies will be so central to social
change that it will transform the law and legal institutions, as various legal specialities
merge, new ones emerge, and new issues challenge courts and legislatures (Bain-
bridge 2006, p. 341).

Concerning public discourse and ethical questions of the CT-development, a funda-
mental difference between the U.S. and the European discussion is that in Europe,
ethics are considered to be an intrinsic component to progress. The CTECS-approach
of the European Commission claims that technological advancement "must harmonise
with the values of diversity, social justice, international security, and environmental re-
sponsibility" (HLEG 2004a). However, ethical questions of the NBIC-development were
also discussed at the latest U.S. conference 2005 in Hawaii and made available as a
documentation in early 2006 (Bainbridge and Roco 2006). In this documentation ethical
questions are discussed concerning "Neuroethics of Memory Drugs" (Sentenia 2006),
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new ethical dilemmas posed by "Neuropolicy" (Lynch 2006), and concerning the
Enhancement of Human Performance (Khushf 2006).

In Europe the topics for public discourse in the context of CT were collected in the
Special Interest Group 2 of the High Level Expert Group which dealt with the cultural
configurations of Convergence (Staman et al. 2004). In their report, the authors list the
following issues to be considered:

- Human and constitutional rights; human autonomy, dignity, privacy, integrity, etc.
- Public moral, comprehensive views and social identity

- Economic and institutional Science and Technology (S&T) pressure on society for
instance on public goods (the commons)

- Fostering the European identity in S&T policy

- Identifying and handling risks and their perceptions.

Whereas these points seem to be of a very general nature, it is possible with the infor-
mation collected in this paper to determine the specific ethical issues in the respective
technology areas and assess their implications. This will be done in a next step.

11.1.5 "Salvation Promises"

As a kind of residual category, the label "Salvation Promises" was created to collect
comprehensive concepts which put the NBIC convergence at the centre and claim that
almost all problems will be solved due to the future technological development.

So far, all of these visions are coming from the U.S. context. European experts have
noted that salvation promises of this kind are "moral value-loaded" (Staman et al. 2004,
p. 2). Convergence as a salvation promise refers to a machine thinking metaphor and
the ideal of enhancement. Accordingly, the enhancement of man and nature is the
main challenge of modern society. This thinking is partly result of a close connection
between (some of) the CT advocates and transhumanism, an international intellectual
and cultural movement supporting the use of sciences and technologies to enhance
human abilities and ameliorate the supposedly undesirable and unnecessary aspects
of the human condition, like iliness, aging and even death (a more detailed analysis of
the interplay between transhumanism and CT can be found in Schummer 2004b or
Coenen 2006).

The salvation promises listed below as statements only, can be examined in more de-
tail in a next step. A deeper examination should then be able to answer the question
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where these salvation promises come from and what role they play in the debate on
converging technologies.

- Free availability of information to disadvantaged people around the world will
improve their agricultural production, health, nutrition, and economic status (Bain-
bridge 2006, p. 340).

- Renewable energy technologies, such as photovoltaics and new technologies, such
as hydrogen fuel cells and combined heat and power systems, will allow homes
and businesses to drop out of the power transmission (Tonn 2006, p. 310f.).

- Transportation will be safe, cheap, and fast due to ubiquitous real-time information
systems, extremely high-efficiency vehicle designs, and the use of synthetic
materials and machines fabricated from the nanoscale for optimum performance
(Bainbridge 2006, p. 339)

- We will have the technological means to ensure an adequate food supply, clean air,
and clean water (Bainbridge 2006, p. 342).

- Rather than stereotyping some people as disabled, or praising others as talented,
society will grant everybody the right to decide for themselves what abilities they
want to have (Bainbridge 2006, p. 344).

- The vast promise of outer space will finally be realised by means of efficient launch
vehicles, robotic construction of extraterrestrial bases, and profitable exploitation of
the resources of the Moon, Mars, or near-Earth approaching asteroids (Bainbridge
2006, p. 338).

- Speed-of-light Travel: If a mind is data that runs on a processor (and its sensors
and actuators), then that data — that mind — can travel at the speed of light as bits
in a communication path. Thus, Mars is less than an hour away at light speed
(Robinett 2003, p. 169).

- Self-Directed Evolution: If mind is program and data, and we control the hardware
and the software, then we can make changes as we see fit (Robinett 2003, p. 169).

- Download yourself into new hardware: Imagine that the brain is fully understood,
and therefore the mechanisms and data structures for knowledge, personality,
character traits, habits, and so on are known. Imagine further that, for an individual,
the data describing that person's knowledge, personality, and so forth, could be
extracted from his brain. In that case, his mind could be "run" on different hardware,
many staggering options open up: No death (You back yourself up. You get new
hardware as needed.); Turn up the clock speed (Goodbye, millisecond-speed
neurons; hello, nanosecond-speed electronics.) (Robinett 2003, p. 169).

- Hive mind: With knowledge no longer encapsulated in individuals, the distinction
between individuals and the entirety of humanity would blur. Think Vulcan mind-
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meld. We would perhaps become more of a hive mind — an enormous, single,
intelligent entity (Robinett 2003, p. 169).

11.1.6 Summary

In order to grasp all aspects of the CT-discussion, a division was made between
technological applications in a narrow sense (part A) and areas which are considered
SSH fields (part B). With the exception of "Salvation Promises", all of the presented
SSH aspects play an important role in the convergence debate. Especially the thematic
field of "Organising interdisciplinarity for convergence" seems to be of importance.
Here, the educational system and the traditional separation between disciplines is an
issue. In this context, the transfer of methods, concepts and tools from one scientific
discipline to another is essential for scientific advances.

However, when it comes to transferring natural science methods to the Social Sciences
and Humanities as suggested by Yonas and Glicken Turnley (2003) and Strong and
Bainbridge (2003) with reference to Wilson (1998), the way to materialism and
determinism seems to be paved. This is a way of thinking, SSH-researchers were
convinced would belong to a long gone past. But it seems that with the diffusion of the
convergence concept and especially in the context of neuroscience research, the idea
of biochemical determination of all human life including the social and cultural life is
experiencing a revival. SSH-researchers need to find new answers in the light of new
scientific results. They have to deal with the strong insistence of neuroscientists and
the proponents of convergence that the human and social behaviour will soon be fully
understood and could be simulated and manipulated if only the basic physical and bio-
chemical laws will be discovered.
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1.2 SSH aspects evolving from the interviews

11.2.1 Introduction

This section documents the interview results and mainly concerns the SSH aspects of
Converging Technologies. The interviews were carried out between April and
September 2007. Interview partners were mostly German researchers in the fields of
engineering, brain research, design of intelligent devices, the social sciences and also
politicians involved in research policy.

In our selection of experts, we attached value to an overweight of natural scientists and
engineers because our aim was to find out more about real science and technology
developments. Since cognitive and neurosciences are supposed to make huge
contributions to the convergence of technologies, most of our interviewees were from
these fields. However, also social scientists were interviewed.

For the interviews we used a guideline, which also structures the way the results are
presented here: Firstly, we will summarise to what extent researchers reported to be
aware of the concept of technological convergence. Then we will report on the concrete
developments in science and technology that were associated with convergence. In
section three we will report on new findings concerning governance of interdisciplinary
research. Since interdisciplinary research is an important aspect in the process of
technological convergence, we asked in what concrete sense it is considered
important. It turned out that interviewees regarded organising interdisciplinary research
as a serious challenge. In the last section we will summarise what ethical aspects were
mentioned by the interviewees besides the enhancement issue.

11.2.2 Selection of interviewees and personal involvement

Before we start with the presentation of the interview results we shortly introduce the
disciplinary and biographical background of our interviewees for a better understanding
of their positions. Because of anonymity reasons we use numbers to identify the
different interviewees.

Interviewee 1 is physicists located in Alabama, USA. Problems of
interdisciplinary research are his main fields of study. He is dealing with
different issues of interdisciplinary research. Having finished his PhD in
philosophy, his main fields of research are philosophy of science and
possible applications. He critically evaluates developments in the field of
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converging technologies from both perspectives as a professional physicist
and as a philosopher of science.

Interviewee 2 is employed as engineer in a German research institute for
applied science leading the department of neuroprosthetics. Regarding his
biographical background one can say that he has full experience of both
the scientific as well the industrial institutional field: He has worked for a
company as well in clinical research and he is also involved in teaching
activities. His research is dedicated to the development of sensors for BCI
(brain — computer interfaces). Applications in this field of research are
paradigmatic "convergent technologies" in character, he says.

Interviewee 3 is professor in the department of neuroinformatics at a
German university. He studied information science and finished his PhD in
physiology. Thus he always felt like a disciplinary hybrid which also affected
his teaching activites. Staff members in his department are teaching and
doing research in robotics, artificial networks and new forms of modelling
intelligence.

Interviewee 4 is researcher in the department of neurophysics at a large
German University. His work is dedicated to problems with modelling
information processes in the human brain.

Interviewee 5 is researcher at another big German university, working on
technical problems of the brain computer interface.

Interviewee 6 is known as one of the leading social scientists in the social
study of technology. He published to heterogeneous fields like artificial
intelligence, ubiquitous computing, informatics and robotics from a social
science point of view.

The last Interviewee used to be a member of the High Level Expert group
for converging technologies in Europe. He studied physics and social
sciences in Bielefeld and worked in a research institute for plasma physics
in Garching near Munich. Today he is a professor at a renowned technical
university in Germany.
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I.2.3  Awareness of the concept of technological
convergence

One of our observations was that the concept of converging technologies was first
triggered by research managers and actors in the political arena rather than from
scientists. In the interviews we wanted to find out if this observation was correct and
asked whether the concept was known or not. During the interviews our impression
was consolidated: The term is mainly used in political contexts or in direct interaction
with funding agencies where research and technology policy is important.

Researchers whose work can be assigned to those fields we identified as major
application areas often said that they have not heard of the concept at all. But thei
reported that their work has taken on a stronger interdisciplinary character. But the
majority of experts intervewed could not say, in which direction technologies converge
and how the technological development can be described accordingly.

Those who stated to be familiar with the concept differed strongly in the meaning of this
term. For our second interviewee, Converging Technologies are aimed at focussing
research and technology of scientific disciplines to only one aim. In contrast to
interdisciplinary research, convergence does not mean simply the participation of
different disciplines but instead a stronger orientation on the project of a single product
development. Other interviewees regarded converging technologies as more than the
simple combination of technologies but rather as research strategy for new methods
and products. All of those who were familiar with the concept did not agree with the
restriction of just four technologies (Nano, Bio, Info; Cogno). Additionally synthetic
biology is seen as a key area of convergence that was not explicitly mentioned in the
Roco/Bainbridge report simply because the technology is so new.

Summarising the results of answers to this topic gives a rather ambivalent picture for
the awareness level of the convergence concept: To some of the experts converging
technologies or a unifying paradigm does not exist at the level of research practice.
Others reported awareness of the concept but used it strategically by means of finding
financial support by research funding organisations.

The interviews also showed that there is no unifying meaning of the term convergence
even to those who were aware of the concept. Apart from these differences almost all
interviewees were able to underwrite the usefulness of the concept in general. Thus
"Convergent technologies" is merely a reflexive term that describes not a specific
technology but rather a technological and scientific development. In order to get to
know about scientific developments more specifically we asked researchers about their
view.
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.24  Which developments in science and technology are
associated with the concept of convergence?

For most of the researchers the major development that can be associated with CT is
the convergence of scientific research at the nanoscale. At this scale it becomes rather
hard to decide whether scientific work can be declared as chemistry, physics or
material science. The trend is known as molecularisation in biology and medicine (Kay
1996) but certainly affected also others in the natural sciences and in engineering.
This is the reason why for some of the interviewees, converging technology works just
as another term for nanotechnologies. Two Interviewees saw the increasing
dependence on interdisciplinary research as important development that can be
associated with the convergence concept.

Many of those who were interviewed were active in the field of brain research or
neuroscience since cognitive science was seen as important feature of technological
convergence. In this application field intelligent implants for sensory perception or
implants for the restoration of functions were good examples for research. Building
electrodes in this area especially means to be very sensitive to the problem of
biocompatibility. To these researchers building interfaces between biological and
technical systems is the main challenge for science and industry demanding
convergent technologies. Advances in basic research in the neurosciences enable new
applications in this especially with the integration of theoretical physics.

These new technologies that arise between empirical research on the brain and
medical applications for the brain are seen as a good example for convergent
technologies. Because of the permanent dealing with biological and technical systems
one Interviewee perceives new developments in medical technology in general as
convergent technology. One important field of application are neuroprosthetics where
continuous technological progress leads to miniaturisation that can be combined with
new findings of medical research (see also Bolz et al. 2005: 9).

A different perspective on scientific development was taken by one interviewee: From
his point of view, converging technologies can be regarded as grand scientific project.
He interprets Roco and Bainbridges approach as an attempt to construct a new
unifying paradigm for modern engineering, explaining and constructing biological
objects. In analogy to classical physics, convergent technology aims at building another
grand theory that can solve problems of our time. Clearly he mentioned conceptual
deficits in nanoscience and technology since there is no methodological and theoretical
exchange beyond top down and bottom up. Insofar "Convergent Technologies" is more
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a claim than an already existing methodological paradigm. The convergence of science
at the nanoscale has not led to sufficient technological solutions so far.

Although one of the interviewees did not want to use the concept of convergence he
reported about considerable developments in the field of machine learning which is in
fact triggered by co-operations between theoretical informatics, mathematics and
statistics.

1.2.5 To what extent is research interdisciplinary?

Since technological convergence involves at least four technologies and many more
scientific disciplines, organising interdisciplinary research is an important question for
the facilitation of convergence. What new pressures and structural features exist for
this research at the borders of disciplines? Are there any new forms of interdisciplinary
research that can serve as orientations for researchers or are disciplinary research
orientations prevailing? These questions were asked in the third part of the interviews.

The claim for interdisciplinary research is one of the most prominent topics of
contemporary science and technology policy. Often, many scientists complain, this
claim is just lip service without practical results (Weingart 1999). The convergence of
emerging technologies now is a new challenge for interdisciplinary research. What
makes it different? Does the term convergence mean anything more than
interdisciplinarity? Bainbridge (2006, p. 338) has claimed that the development of new
technologies might lead to the consilience of all sciences as a new form of
interdisciplinary organisation. However, our interviews suggest that this might be quite
unlikely considering cultural differences between disciplines.

One interviewee said that converging technologies necessitate new forms of
organisations. New organisational structures strongly influence rapid technological
development. In contrast to the interdisciplinary paradigm, converging technologies
mean not only participation or contribution but also to go beyond borders of disciplines.
The interviewee reported experiences from a preliminary study for retina implants in
1994 when nobody could even imagine technological opportunities of such
applications. In the beginning most of the participants simply denied the possibility of
developing such a machine but when the process continued people tried to overcome
scientific doubts.

This example can be used to show to what extent technological convergence produces
intensified interdisciplinary research in the light of new applications. But what drives
scientific development? Are there also inherent mechanisms fostering interdisciplinary
research?
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One interviewee shed light on the situation in the field of neuroscience. Neuroscience
is a huge field to which many disciplines contribute. But during the last 5 years one
could observe growing significance of interdisciplinary co- publication. One explanation
for this phenomenon is simply the pure mass of articles during the past 20 years
without theoretical framework. A structuring of the findings became more and more
difficult. New articles, he claims, can now only be accepted with an existing theoretical
framework. Therefore many experimental brain researchers cooperate with neuro
physicists, information scientists and mathematicians in order to generate theoretically
grounded research designs.

Some of the interviewees stressed the existence of obstacles for interdisciplinary
research. Especially interviewee 2 working in the field of brain computer interfaces
stated that there is a huge gap between the valuation and the facilitation of
interdisciplinary research. There are strong reasons why these forms should be
encouraged since progression can be merely expected at the borders of disciplines.
But working in this environment is not at all favourable for individual careers. Getting a
tenure ship is harder for those working in interdisciplinary environments. In his opinion,
this is particularly true for parts of the research associated with convergence due to the
fact that especially medicine is very disciplinary oriented. Those obstacles to
interdisciplinary research are stronger in Germany than in the United States. Since a lot
more interdisciplinary research centres exist there, it is much easier to organise
interdisciplinary research. Nevertheless during the past few years the situation
improved by the founding of new research institutes and master programs that
integrate theoretical subjects like informatics and mathematics for the study of the brain
and biological systems.

By contrast, another interviewee states, concrete practices of interdisciplinary research
are not dependent on structural features. Rather, success is highly dependent on
persons involved in the projects. That is why he prefers to work and cooperate with
really open-minded researchers without hierarchical orientations. The possibilities to
work in such open environments might differ between institutional settings and
disciplinary cultures. Regarding his own experiences he reports strong differences
between medicine and mathematics for example.

According to his research orientation as a researcher in the field of the social studies of
technology our fifth interviewee mainly described general features of interdisciplinary
research. Referring to converging technologies he argued that interdisciplinary
research is changing in character. In comparison to earlier forms of interdisciplinarity
he found that new of interdisciplinary organisation forms miss the dominance of a key
discipline. Rather research is organised in heterogeneous but merely equal
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relationships between disciplines. Whereas in the 19th century with the evolution of
physics, interdisciplinary research was characterised by the dominance of a guiding
discipline, novel settings show greater equality considering the importance of
theoretical and methodological approaches. Where concrete problems are to be solved
many more approaches have to be taken account of.

1.2.6 What are the ethical problems?

In the last part of the expert interviews, interviewees were asked about ethical issues
that they see arising in the course of new technological development in the areas
associated with convergence. Currently, technological convergence is in a state where
applications are only foreseeable. The discussion for what ends this kind of research
should be pursued has therefore just begun. Some of the interviewees reflected in our
interviews for the first time about possible risks and changes that might necessitate
ethical considerations. In the U.S., enhancement of human performance was one
vision to guide research but discussion arose whether this should be more important
than for example improving therapeutic methods. Altering the human condition in a
fundamental way may bring about many ethical issues.

Seen from the perspective of natural scientists as well as social scientists the questions
arises, in what kind of socio technical world we want to live in, since the possibilities of
social control might improve. There are a variety of issues and problems that can be
discussed of which these are most important ones mentioned in the interviews:

o Enhancement issue: The possibility to physically enhance people raises
philosophical questions about the very human nature. Physiological
enhancement blurs the boundaries between what can be considered human
and what can be perceived technical or artificial.

e Technological convergence will also contribute to the development of intelligent
robots. In which ways can humans be substituted by robots? What are the
consequences for social interaction?

e Sharpening of social inequality: When technological implants enable humans to
process information faster than possible competitors, the question is raised how
social justice can be guaranteed. Some interviewees assumed that it can
sharpen the contrast between different social strata insofar wealthier parts of
the population will be able to afford technological instruments that will further
improve their relative competitive position.

o Neuroscience research - especially neuroimaging methods - are expected to
contribute to a better understanding of the human brain and its correlates. But
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what can be done with the growing knowledge about human information
processes and what consequences does such knowledge have?

e With new processing technologies that combine different methods of brain
research, neuroscientists get new information about mental states and
personality structures. For what purposes can this knowledge be used? How
can mental privacy still be guaranteed?

e Seen from a jurisdictional perspective, the application of converging
technologies raises questions about the very nature of guilt. When all processes
of the brain can be observed and analyzed, will this change the guiding
principles about whom and when someone should be punished?

e The existence of sensory implants and other tools improves possibilities of
social control. For example new results in brain research will make it much
easier to find out whether someone lies or not with much higher precision than
traditional lie detectors.

o When our mental states and personal features are discovered, will this
information be used for commercial purposes? The emerging field of
neuromarketing poses the question whether information about our mental
states can be manipulated in a way that product presentation can always be
adapted according to our needs and wishes. Although there are some
indicators showing that this kind of research is very advanced yet it should be
regarded important for ethical consideration as well.

e One interviewee also reports ethical problems with animal experiments.
Empirical brain research necessitates operations on animals. Some ethicists
criticise that those experiments are undertaken without narcosis. Seen from the
perspective of the researchers this is the only possibility to gather information
about brain functions since neuronal processes can be only looked at when
neuronal response is not altered by inhibitors.

This list is of course not completely filing all possible ethical aspects of CT. It shows
that neuroscience research is raising many ethical questions. Most researchers agree
that one should deal with these questions in a public dialogue. Ethical considerations
should be dealt scientifically by professionals. One Interviewee states that new
interdisciplinary programs of study that combine knowledge about the human brain with
knowledge about ethical issues could improve the situation. As an example he
mentioned the "Berlin School of Mind and Brain" (www.mind-and-brain.de) where
neuroscientists as well as philosophers and ethicists work together.
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1.3 Two different narratives of technological
convergence

Version 1: Science-driven convergence

"Converging technologies" is the next big thing. Far-sighted scientists and
research planners sensed a development and saw the chances if only the
concept was followed and reinforced in a systematic way. Now on the political
agenda, convergence will trigger new scientific ventures and lead to important
breakthroughs in many different areas such as biomedicine or
neurotechnology. Today, the development may be at an early stage but soon
convergence will have the same importance for society that digitalisation and
informatisation had in the past.

Leading visions are important in the sense that they reduce spaces of
uncertainty. To introduce a narrative into the different and sometimes
contradictory developments of science that construes convergence as a
collaborative effort for example to "understand the human brain" may motivate
new co-operations and interdisciplinary projects. However, radical visions of
any sorts will not mirror in the daily research work of scientists.

Joint efforts to heal and improve human physical and mental capacities are
part of the convergence development. However, the enhancement idea does
not dominate it. Alternative framings are also possible and find their way into
national and trans-national research programmes. Alternative framings could
be: CT to allow for new self-sufficient societies, CT to save the natural
environment, CT to realise renewable energies.

Science and research communities still have their own governance structures,
even in a possible age of convergence. However, new technical developments
are always seen as advantages in the international scientific and economic
competition. Thus the state has the role to support these developments.
Another field of governmental activity is to increase the acceptance of technical
developments in the society.

In the different application fields where convergence plays a role, different
approaches to ensure societal acceptance are necessary. In most medical
application fields, acceptance can be assumed. However, different biophysical
developments as well as neurotechnical applications will be discussed
controversly in the society. A discussion process needs to be initiated.
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Like with genetic modifications or stem cell research, in many new areas of
convergence, ethical questions will play an important role, especially when it
comes to technologies potentially able to redefine what it means to be human.
Upstream ethics engagement will be an important principle. Ethics of science
and technology will have to be adjusted in the light of new technologies. But
they will potentially govern over pure technological feasibility. However, this is
quite difficult in the light of an international scientific and economic competition
and it requires trans-national co-operations.

The relation between the natural and the social sciences will be characterised
by a new dialogue. The materialistic basis for human thinking and behaving will
move to the centre of attention and it will be responsible for the return of the
debate about nature vs. nurture. On the other hand, social science methods
like psychological classifications of human ftraits, intentions and actions will be
used by neuroscientists and biologists in order to understand the materialistic
base. The new dialogue will take into account that there is a space beyond
natural laws to be discovered by the study of interrelations, as quantum
physics has shown in the past.

Interdisciplinarity is the heart of the matter of convergence in this narrative. It
has many aspects and involves the convergence areas to different degrees.
Interdisciplinarity is the new paradigm, and scientific breakthroughs will be
expected from combining methods and approaches from different disciplines
and engineering fields. A model for this new importance may be the field of
cognitive science. New ways of co-operation and new approaches in education
may profit from experiences made in this area.

Established, "real" SSH is reluctant to enter the discussion on convergence.
The idea of interdisciplinary work seems nothing new to established SSH
researchers. Far-reaching visions of convergence which imply fundamental
changes in society are met with scepticism. But if SSH researchers join the
debate, they are mostly occupied with defending existing positions for example
in the "free-will" debate with neurotechnology or by maintaining integrity and
the so-called oversight function of SSH.

The potential for social transformation is high in this narrative, depending on
the development in the different technology fields. This means that new ways
of human enhancement are only one aspect of the transformational potential of
CT. Others refer to a whole range of new applications and products the
convergence development will have made possible.
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Version 2: Convergence as a normative concept

"Converging technologies" is a buzz word and has only few connections to real
developments in science and technology development. The concept was
brought up by a few rather dubious research planners and transhumanists. The
scientific community will follow the far-fetched visions of its inventors only
because research money was allocated to the subject. For that matter,
researchers will more and more label their work as "convergent" and some
progress will be made in understanding and enhancing the human brain.

Visions of a fundamental change in the way, individuals and society are
perceived dominate the discussion. In a normative and almost missionary way,
the main actors of the convergence debate develop their visions and hope for a
respective reflection in the daily work of scientists. Like the "man on the moon"
project, the main actors of the convergence debate hope to be able to trigger
something like a "brain on a chip" project.

Enhancing human physical and mental performance is the dominant framing of
the CT debate. Every effort is seen as a contribution to the ultimate goal to
technically prolong life, to artificially extend human memory and mental
capacities and to overcome human limitations.

Since convergence has a strong normative dimension, every regulatory or
research funding activity that supports the idea of human enhancement is
welcomed. However, the state should not dictate the exact terms of research
because scientists know better. A fundamental re-definition of the human
condition will require fundamental adjustments of governmental functions and
regulations. In addition, the military will play an important role as a major
funding source and user of convergent applications.

The advantages of new convergent applications speak for themselves.
Consequently, public engagement and participation do not play a major role.
Convergence is another — and for some even the final — step of technical
progress. Society will have to adapt to the circumstances prearranged by
technology.

Ethics of science and technology are restricted to the ultimate goal of human
enhancement. Society as a whole, its values and ethics will automatically
adapt to it in the face of the advantages and blessings of convergence. The
precautionary principle in science and technology will be replaced by a so
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called proactionary principle which weights overall advantages over particular
possible harms. Liability regulations concerning new technologies will be
loosened.

The world of NBIC convergence will be characterised by the "unity of science"
in the sense that natural science principles and methods dominate all science
fields and will be transferred to all areas of the social sciences and humanities.
A new renaissance will be the result in which all aspects of human thinking and
behaviour will be deciphered as phenomena of a set of natural laws. This new
understanding will open up possibilities to influence and manipulate human
behaviour in the desired direction.

Interdisciplinarity is a vehicle to achieve the visions of NBIC convergence. It is
also considered crucial in this narrative, although it mostly excludes the social
sciences and humanities as we know them today. University organisations and
study subjects will be changed reflecting the need for interdisciplinarity in
natural sciences and engineering. The curriculum will be changed based on a
comprehensive, hierarchical intellectual paradigm for understanding the
architecture of the physical world from the nanoscale through the cosmic scale.

"Real" SSH researchers feel the need to adapt their research and education
programmes to convergence because of the overwhelming success of new
applications stemming from the overlappings of NBIC. Established SSH
researchers will need to change their positions on nature vs. norture as well a
many other positions in the light of new insights into the human brain. A
fundamental revision of SSH as a scientific venture will be the result.

Convergence will lead to profound social changes. This is mainly due to the
possibility to enhance and manipulate humans in many new ways. The
question will not only be who sets the rules but also, who can afford the
technology or treatments for enhancement. Also, there will be enlarged
possibilities to control and better organise people by CT.
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The two narratives side-by-side

Version 1: Science-driven
convergence

Version 2: Convergence as a
normative concept

1. What is CT? What is actually happening? What are the drivers?

"Converging technologies" is the next
big thing. Far-sighted scientists and re-
search planners sensed a development
and saw the chances if only the concept
was followed and reinforced in a sys-
tematic way. Now on the political
agenda, convergence will trigger new
scientific ventures and lead to important
breakthroughs in many different areas
such as biomedicine or neurotechnol-
ogy. Today, the development may be at
an early stage but soon convergence
will have the same importance for soci-
ety that digitalisation and informatisa-
tion had in the past.

"Converging technologies" is a buzz word
and has only few connections to real de-
velopments in science and technology de-
velopment. The concept was brought up
by a few rather dubious research planners
and transhumanists. The scientific com-
munity will follow the far-fetched visions of
its inventors only because research
money was allocated to the subject. For
that matter, researchers will more and
more label their work as "convergent" and
some progress will be made in under-
standing and enhancing the human brain.

2. Role of assumptions, ideologies and (radical visions)

Leading visions are important in the
sense that they reduce spaces of un-
certainty. To introduce a narrative into
the different and sometimes contradic-
tory developments of science that con-
strues convergence as a collaborative
effort for example to "understand the
human brain" may motivate new co-
operations and interdisciplinary pro-
jects. However, radical visions of any
sorts will not mirror in the daily research
work of scientists.

Visions of a fundamental change in the
way, individuals and society are perceived
dominate the discussion. In a normative
and almost missionary way, the main ac-
tors of the convergence debate develop
their visions and hope for a respective re-
flection in the daily work of scientists. Like
the "man on the moon" project, the main
actors of the convergence debate hope to
be able to trigger something like a "brain
on a chip" project.
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3. Role of enhancement in CT

Joint efforts to heal and improve human
physical and mental capacities are part
of the convergence development. How-
ever, the enhancement idea does not
dominate it. Alternative framings are
also possible and find their way into na-
tional and trans-national research pro-
grammes. Alternative framings could
be: CT to allow for new self-sufficient
societies, CT to save the natural en-
vironment, CT to realise renewable en-
ergies.

Enhancing human physical and mental
performance is the dominant framing of
the CT debate. Every effort is seen as a
contribution to the ultimate goal to techni-
cally prolong life, to artificially extend hu-
man memory and mental capacities and to
overcome human limitations.

4. Governance and regulation

Science and research communities still
have their own governance structures,
even in a possible age of convergence.
However, new technical developments
are always seen as advantages in the
international scientific and economic
competition. Thus the state has the role
to support these developments. Another
field of governmental activity is to in-
crease the acceptance of technical de-
velopments in the society.

Since convergence has a strong norma-
tive dimension, every regulatory or re-
search funding activity that supports the
idea of human enhancement is welcomed.
However, the state should not dictate the
exact terms of research because scien-
tists know better. A fundamental re-defini-
tion of the human condition will require
fundamental adjustments of governmental
functions and regulations. In addition, the
military will play an important role as a
major funding source and user of conver-
gent applications.
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5. Public engagement and participation

In the different application fields where
convergence plays a role, different
approaches to ensure societal accep-
tance are necessary. In most medical
application fields, acceptance can be
assumed. However, different biophysi-
cal developments as well as neurotech-
nical applications will be discussed
controversly in the society. A discussion
process needs to be initiated.

The advantages of new convergent appli-
cations speak for themselves. Conse-
quently, public engagement and participa-
tion do not play a major role. Convergence
is another — and for some even the final —
step of technical progress. Society will
have to adapt to the circumstances pre-
arranged by technology.

6. Ethics of science and technology

Like with genetic modifications or stem
cell research, in many new areas of
convergence, ethical questions will play
an important role, especially when it
comes to technologies potentially able
to redefine what it means to be human.
Upstream ethics engagement will be an
important principle. Ethics of science
and technology will have to be adjusted
in the light of new technologies. But
they will potentially govern over pure
technological feasibility. However, this
is quite difficult in the light of an interna-
tional scientific and economic competi-
tion and it requires trans-national co-
operations.

Ethics of science and technology are re-
stricted to the ultimate goal of human en-
hancement. Society as a whole, its values
and ethics will automatically adapt to it in
the face of the advantages and blessings
of convergence. The precautionary princi-
ple in science and technology will be re-
placed by a so called proactionary princi-
ple which weights overall advantages over
particular possible harms. Liability regula-
tions concerning new technologies will be
loosened.
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7. Dis-"Unity" of science and methodological questions

The relation between the natural and
the social sciences will be characterised
by a new dialogue. The materialistic
basis for human thinking and behaving
will move to the centre of attention and
it will be responsible for the return of the
debate about nature vs. nurture. On the
other hand, social science methods like
psychological classifications of human
traits, intentions and actions will be
used by neuroscientists and biologists
in order to understand the materialistic
base. The new dialogue will take into
account that there is a space beyond
natural laws to be discovered by the
study of interrelations, as quantum
physics has shown in the past.

The world of NBIC convergence will be
characterised by the "unity of science" in
the sense that natural science principles
and methods dominate all science fields
and will be transferred to all areas of the
social sciences and humanities. A new
renaissance will be the result in which all
aspects of human thinking and behaviour
will be deciphered as phenomena of a set
of natural laws. This new understanding
will open up possibilities to influence and
manipulate human behaviour in the de-
sired direction.

8. Interdisciplinarity including educational matters

Interdisciplinarity is the heart of the
matter of convergence in this narrative.
It has many aspects and involves the
convergence areas to different degrees.
Interdisciplinarity is the new paradigm,
and scientific breakthroughs will be ex-
pected from combining methods and
approaches from different disciplines
and engineering fields. A model for this
new importance may be the field of
cognitive science. New ways of co-
operation and new approaches in edu-
cation may profit from experiences
made in this area.

Interdisciplinarity is a vehicle to achieve
the visions of NBIC convergence. It is also
considered crucial in this narrative, al-
though it mostly excludes the social
sciences and humanities as we know
them today. University organisations and
study subjects will be changed reflecting
the need for interdisciplinarity in natural
sciences and engineering. The curriculum
will be changed based on a comprehen-
sive, hierarchical intellectual paradigm for
understanding the architecture of the
physical world from the nanoscale through
the cosmic scale.
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9. Involvement of the "real” SSH in the CT debates

Established, "real" SSH is reluctant to
enter the discussion on convergence.
The idea of interdisciplinary work seems
nothing new to established SSH re-
searchers. Far-reaching visions of con-
vergence which imply fundamental
changes in society are met with scepti-
cism. But if SSH researchers join the
debate, they are mostly occupied with
defending existing positions for
example in the "free-will" debate with
neurotechnology or by maintaining in-
tegrity and the so-called oversight func-
tion of SSH.

"Real" SSH researchers feel the need to
adapt their research and education pro-
grammes to convergence because of the
overwhelming success of new applications
stemming from the overlappings of NBIC.
Established SSH researchers will need to
change their positions on nature vs. nor-
ture as well a many other positions in the
light of new insights into the human brain.
A fundamental revision of SSH as a
scientific venture will be the result.

10. Implications, social transformation potential of CT

The potential for social transformation is
high in this narrative, depending on the
development in the different technology
fields. This means that new ways of
human enhancement are only one as-
pect of the transformational potential of
CT. Others refer to a whole range of
new applications and products the con-
vergence development will have made
possible.

Convergence will lead to profound social
changes. This is mainly due to the possi-
bility to enhance and manipulate humans
in many new ways. The question will not
only be who sets the rules but also, who
can afford the technology or treatments for
enhancement. Also, there will be enlarged
possibilities to control and better organise
people by CT.
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1.1 Introduction: Purpose and scope of the present
document

A working hypothesis of the CONTECS consortium is that cognitive science plays a
key role in the converging technologies. It is therefore important to start out with as
clear a picture as possible of what cognitive science is and how it figures on the Euro-
pean scientific scene. In particular, there is a need to prepare the grounds for a precise
identification of areas, within the NBIC perspective, in which cognitive science has a
definite contribution to make. But it is also necessary to gain a better understanding of
the cultural significance which cognitive science takes on, especially in the European
context, which is not identical with the American. Indeed, it can be surmised that part of
the mutual relevance of the converging technologies and the humanities and social
science springs from the cognitive dimension, which is present on both sides.

As a contribution towards these goals, the present report offers a concise overview of
the position of cognitive science in the European Union, together with a representative
sample of activities, in the widest sense of the notion, which cognitive science gives
rise to, within Europe. It has two parts. Part A is based on a previous report, and asso-
ciated documents, authored by D. Andler, and consists in a conceptual and historical
characterisation of the field of cognitive science, including the particular obstacles it
faces in Europe, and the opportunities which nonetheless arise there. Part B attempts
to present a picture of the actual situation in the realm of technology, including both
ongoing developments and more or less distant ventures.
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1.2 Cognitive science: what it is and how it relates to
CT

1.2.1 Cognitive science: scope and structure

.21.a Object

Cognitive science is one of the most ambitious scientific enterprise of the 21st century.

Its object is the mind, or rather, the functions and processes of the mind, which are
also, to a large extent, those of the brain. It is inherently multidisciplinary, consisting in
a sheaf of interconnected research programs involving to various degrees psychology,
neuroscience, evolutionary theory, linguistics, computer science, philosophy, logic,
decision theory, anthropology and various branches of social science, physics, mathe-
matics, complex systems, and more.

Far from positing at the outset a 'definition' of the mind and its constituent parts, cogni-
tive science takes it as one of its main goals to develop a wide-ranging and open-en-
ded taxonomy of functions, states and processes which appear to belong to or partake
of the mental realm, without imposing any restriction on what counts as mental. Thus,
next to phenomena which most people associate with cognitive science (under that or
another label, for cognitive science goes under many names?), such as memory, rea-
soning, knowledge acquisition, problem-solving, categorisation, and more generally
'thought' (i.e. conceptual, deliberative conscious mental transactions), cognitive scien-
tists are concerned to an equal if not higher degree with linguistic competence, percep-
tion, motor control, action, emotions, social cognition and culture, morality, selfhood,
and consciousness itself.

But a mere list of topics is hardly enough to give a flavour of the domain. The structure
of cognitive science is essential. It is complex, reflecting the structure of its domain as it
conceives it at the outset.

1 Informatics, intellectics, neuroinformatics, biological cybernetics, cognitive neuroscience,
artificial intelligence logic-language-computation, language & information, information &
computation are just some of the locutions which have been, at various times, used to refer
to fields roughly co-extensive with, or purported to occupy a central position in, cognitive
science. Of course, with each label comes a certain theoretical stance with respect to the
object of inquiry and to the general form of the results it should aim for.
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.2.1.b  Information processing and the structures that implement
it

At the most basic level, cognitive science is constructed in conformity with a version of
the distinction, familiar from biology, of form versus function2. Here, 'form' is the brain,
or rather, the brain structures at various levels of aggregation; and 'function’ is the
mind, or rather, the mental (including perceptual, motor and emotional/motivational)
processes at various temporal scales. This distinction is transformed, in the contempo-
rary context of cognitive science, by the notion of information: the key idea is that men-
tal processes are at bottom informational (although some clarification remains to be
provided on what this means precisely). So that functions are to be analysed as operat-
ing on information. On the structure side, then, there are physical (biological or man-
made) mechanisms which realise or implement these informational processes. This is
usually rendered by the term 'computational' (which must, on pain of a rather tragic
misunderstanding, be interpreted in this very general sense: far from all cognitive sci-
entists subscribe to the computer model of the mind, and some even claim to be wary
of the form/structure distinction; still, the characterisation provided up to this point, with
a suitably supple construal of 'information' and 'computation’, would draw the assent of
almost everyone working in the field).

Cognitive science subscribes, in general terms, to a program which consists in deter-
mining what it is that the brain does, and how it does it. To a first approximation, psy-
chology, linguistics, social science, sometimes with the help of philosophy and logic,
are in charge of the what part of the program; and neuroscience, with the how part.
However, this way of putting the division of labour does not do justice to four important
aspects of the inquiry:

1. Non-biological cognition. The project of building artefacts endowed with infor-
mational capabilities comparable, in some interesting respects, to those of the
adult human brain, implicates a notion of realisation which is broader than the
one offered by the brain sciences: artificial intelligence, as part of computer sci-
ence, and other modelling approaches drawing on a variety of paradigms from
physics and mathematics, are important contributors to cognitive science.

2. Abnormal cognition. Normal adult human brains and minds are just one (impor-
tant) case in a large family which includes human infants and children, abnor-
mal, diseased, lesioned and senescent subjects, pre-Sapiens humans, and
non-human animals: developmental psychology and neuroscience, neuropsy-
chology, psychiatry and pharmacology, ethology, paleontology, anthropology

2 The description of the structure of cognitive science which follows is taken nearly verbatim,
with minor clarifications, from the report Andler 2005: §4.A.
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and evolutionary biology all have an essential role to play.

3. Understanding biological constraints. As is already abundantly clear from study
of abnormal cognition, the what and the how cannot be completely dissociated:
the deep structures of the mind, or in other words the basic categories on which
to found a theory of mental functions (which is what psychology, linguistics etc.
aim for) are presumably not determinable on the sole basis of psychological,
linguistic, ... experimentation, seconded by conceptual and logical analysis.
Neuroscience will almost certainly (and in fact has begun to) force a reconside-
ration of these basic categories. Symmetrically, neuroscience cannot establish
a research program on its own: it wouldn't know what to look for without the
help of the other disciplines.

4. Cognition in context. Over the last ten or twelve years, it has dawned upon ma-
ny cognitive scientists that the initially plausible distinction between the indi-
vidual mind/brain and its environment, has severe limitations. In between, so to
speak, lie the collective effects or properties of communities of minds/brains,
themselves immersed in a material/informational environment. Seen from this
perspective, minds are not just brains understood at the functional level. Exter-
nalism is in this context the name of the general research program, now pur-
sued on many fronts, which stems from the intuition that minds are, to a degree
much greater than initially imagined, socially and environmentally constituted
entities. The social sciences, evolutionary biology, ecology are called in for help
at this juncture.

1.2.2 Who does what in cognitive science? Division of
labour, internal and external interactions

Cognitive science is a highly diverse field, whose contours are somewhat blurry. To get
a hold on its organisation, it is useful to define its take a look at its internal division of
labour, and at the interactions of cognitive science with its neighbouring disciplines.

.2.2.a Division of labour (A): Pure and applied cognitive science

As elsewhere in science, there is no denying that cognitive science research supports
a fundamental / applied dichotomy. It is already present in the training of advanced
students. One kind of program is geared towards classical academic careers devoted
to the elucidation of normal and pathological cognition, and focussed on empirical and
conceptual problems which arise in this pursuit. The other kind of program prepares
students to jobs in industry, health, military or administrative institutions.

Fields of application are quite numerous and diverse. They can be categorised accor-
ding to the area of application: Education (initial, continuing, remedial), health (inclu-
ding mental health, motor and perceptual enhancement or remediation), information,
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language processing and communication, decision making and expertise, cognitive
ergonomics (design of objects and interfaces), commerce (e.g. neuromarketing, which
purports to apply brain imaging to the study of consumer behaviour), traffic control, etc.
They can be distinguished according to the grade of involvement of cognitive-scientific
theory, ranging from high to low; or according to whether they aim at the elaboration of
methodologies (e.g., in the educational field, pedagogical methods based on evidence-
based theories) or tools (software and computational environments which actually
mesh with the cognitive abilities of the participants and the context in which they ope-
rate). Part Il of the present document provides examples of a wide variety of underta-
kings in applied cognitive science.

.2.2.b  Division of labour (B): Natural and artificial cognition

Brains undoubtedly exist, and so do, in a different sort of way, the mental lives of ordi-
nary human beings. But what about cognition? What sort of existence does it have?
Why do we need the concept at all? One answer is that cognition usefully subsumes
varieties of mental processes undergone by humans, and thus, by abstraction and ide-
alisation, leads to a general perspective on a fundamental ability of our species. A fur-
ther answer is that this ability is but a variety of a wider genus, unevenly distributed
among other biological species. Bluntly put, other animals undergo mental-like proces-
ses which form coherent sets of abilities, animal forms of cognition which are interrela-
ted and of which human cognition is one.

Yet a third, and considerably more controversial answer is that cognition has an even
more general standing, encompassing as it does non-biological forms. But do these
forms actually exist? Of course not, at least they didn't before the quest for them be-
gan. And even today, there is nothing strictly factual about whether they really do exist.
'Intelligent’ artefacts are 'intelligent’, many will claim, only in a derivative way, and as to
their possessing some form of 'cognition’, something which they share with natural be-
ings, that is even less clear. So we are left with two ways of granting some consistency
to the notion of artificial cognition: either we insist that only a narrow, bio-centric fatal-
ism can blind us to the possibility of non-natural cognitive systems; or we argue in fa-
vour of an abstract or formal view of cognition, say as information-processing of a cer-
tain sort, such that (i) natural cognitive systems are cognitive by way of instantiating the
formal definition, and (ii) artificial systems, either already existing, or conceivable, also
instantiate the definition.

However this essential debate, initiated by Turing's famous 1950 Mind paper, is finally
settled, the impartial observer can clearly discern two related research goals: one is to
elucidate the properties common to natural intelligent organisms (theoretical cognitive
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science in the strict sense); another is to plan, construct, analyse and improve systems
which are behaviourally equivalent, or nearly so, along one or another dimension, to
natural cognitive systems: they function like real (natural) cognitive systems, they thus
exhibit ersatz cognition, and leave it to the philosophers of mind and historians of sci-
ence to work out whether it is fruitful to maintain a hard and fast difference between
ersatz cognition and the 'real, original, genuine article. Meanwhile, there is plenty of
mutual inspiration between the two populations of workers, and this suffices, when ex-
amining converging technologies, for example, to justify adopting the wide construal of
the field. For our purposes, Al is part of (applied) cognitive science, and formal theories
of reasoning, or artificial life, or complex systems, are also branches of, or feed into,
the domain.

.2.2.c  Cognitive science and its environment: direct and indirect
contributions to the field

The mention of a discipline 'feeding into' rather than plain 'belonging to' the field of
cognitive science is motivated by the recognition of one last important feature of the
intellectual landscape. According to yet another organising principle, some disciplines
lie closer to the heart of the topic than others: these 'core' disciplines take as their im-
mediate object the natural systems which embody cognitive functions, while others
provide tools to the core disciplines. Thus psychology and neuroscience, on the one
hand, parts of linguistics or anthropology, on the other, belong to the core. While logic,
formal models from computer science, statistics, mathematics, complexity theory, as
well as some programs in linguistics, economics, social science, plus of course the
whole of 'artificial cognition', belong to the outer ring, remaining in more or less direct
contact with the core.

The study of minds and brains raises a tremendous array of questions which only the
best specialists in these highly theoretical fields can illuminate. Their contribution is not
only a boon to the 'core' cognitive sciences; they also boost the tool-providing fields
themselves. Computer scientists, physicists and mathematicians are confronted with
entirely new problems. For example, how can a column of a definite number of ele-
ments (of neurons) transform an input signal of intensity x into an output signal of in-
tensity y? Or: How can a three-dimensional shape be retrieved from a two-dimensional
pattern of retinal activation? Or again: How can one retrieve the electric activity inside
the skull from the measurements of the electric field on the skull? Or: How can one
integrate data from several imaging techniques applied to a single brain process? The-
se are genuine mathematical problems which were raised in the course of neu-
roscientific investigations and tool-making. Neural coding, computational geometry,
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evolution of complex systems, learning algorithms for neural nets are some examples,
among many, of new topics brought about in this way.

The very notion of modelling, or model construction, already so well developed in the
empirical sciences (from meteorology to geology, aeronautics, particle physics, materi-
als, etc.), has undergone a considerable transformation to respond to the need to ac-
commodate models of cognitive activities and systems. Another important case, one
deserving examination for its own sake, is that of evolutionary theory, which has been
tremendously stimulated by problems posed by cognitive psychology and anthropo-
logy. Indirect benefits are thus the effect of developments in cognitive science on tradi-
tional disciplines. They are a tremendous source of new problems, as the more en-
lightened among the representatives of these disciplines have come to realize.

What is true for the hard sciences is if anything even more relevant for the sciences of
man. Cognitive science, of course, directly contributes fresh insights into the indivi-
dual's mental capacities, which in turn play a role in other inquiries in social science.
No less obviously, philosophy and linguistics, being active participants in the cognitive
enterprise, have undergone a profound renewal. The recent emergence of cognitive
economics or cognitive sociology, as well as the gradual transformation of social psy-
chology, are other, less immediate consequences of the rise of cognitive science. But it
seems likely that many more areas within the social sciences and humanities should
be, in the long run, affected by cognitive science. Both because they will have to deal
with, accept, reject or transform, approaches, conjectures and concepts produced by
cognitive science, but at a more global level because they will benefit from the energy
and methods of this newcomer. Cognitive science, it is essential to understand, is not
out to replace the main branches of social science, let alone humanities. But it does
have the potential to challenge some of their set ways and entrenched convictions, and
to encourage novel approaches and institutional arrangements.

1.2.3 The uneasy relations between cognitive science and
the Three Technologies

.2.3.a How did cognitive science get involved in the first place?

Numerous attempts have been made, also in other reports by the CONTECS consor-
tium, to carefully map the multiple intersections and relations within the NBIC Four-
some (see in particular Deliverable 3.1 Part A). The least one can say is that the pre-
sence of the Cogno component is not at all a straightforward matter. No better evi-
dence for this is the fact that Cogno is essentially ignored or misrepresented by many
scientists working in Nano, Bio or Info, together with the symmetric phenomenon of a
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near-complete ignorance, on the part of most cognitive scientists, of the NBIC/CT prob-
lematic, indeed, of the very notion or even the label.

Thus it might be of some interest to ask anew why the creators of the NBIC concept felt
the need to tack on Cogno to the already potent mix of the Three Technologies. There
are, we surmise, three reasons why they did.

The first is that a large part of the projected contributions of IT (Info) has to do with
building devices which can assist individuals and groups in their handling of information
and their decision processes. In other words, IT comes in, to a great extent, to supple-
ment certain cognitive processes, and the need is felt to characterise such processes.

The second reason is that the Bio component contains a particularly promising compo-
nent, viz. intervention on the nervous system by pharmacological or hybrid bio-physical
means. Cognitive science is the theoretical framework within which the science of brain
function is developed; thus it seems reasonable to take on cognitive science if one
wants to develop good brain-connected devices.

The final reason, which may seem to coincide with the first but is considerably broader
and is deeply enmeshed in the very idea of NBIC, is that the entire enterprise aims at
"improving human performance": thus an understanding of pre-NBIC human perfor-
mance is required, so as to channel the quest for adequate augmentations or enhan-
cements in a fruitful and benevolent direction.

.2.3.b  The cognitive science which NBIC has in mind

Despite lip service being occasionally rendered, in the enormous NBIC literature, to
cognitive science, the initiators of the concept actually have in mind a very special un-
derstanding of the field. This becomes clear when one asks what actual role is as-
signed to cognitive science. It splits into two disjoint parts, brain science on one hand,
"intellectics" on the other -intellectics being a word coined by Wolfgang Bibel3, by which
he understands, essentially, artificial intelligence informed by cognitive science. This
seems not unreasonable until one notices one glaring lacuna, that of psychology. The
very idea of cognitive science is to develop the agenda of psychology with the help of
new methods, or rather new perspectives, provided by the study of formal processing
of information on one hand, workings of the brain tissue and structure, on the other,
and with the guidance of evolutionary biology, anthropology and linguistics. Techno-
logical interventions on the nervous system, plus computer-based 'intelligent’ devices

3 Steffen Holldobler (Editor), Intellectics and Computational Logic - Papers in Honor of Wolf-
gang Bibel, Springer, 2000.
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do not together make up a cohesive approach within cognitive science. Nor do they
amount to a new organic outgrowth of cognitive science, which would be some "cogni-
tive technology", as Bainbridge suggests4.

.2.3.c  Why NBCI and all related CT programs require the collabo-
ration of the entire field of cognitive science, and not just
some 'technological’ outposts

The absence of psychology may appear from the outside as a complaint typical of the
frustrated specialist, one seeking to restore the pristine purity and pre-eminence of his
field. But it actually touches on a deep issue. There is a distinct possibility that the pro-
moters of NBIC are unaware of the central issue in cognitive science, which is precisely
to erect an (approximately) true psychology. They often sound as if they have not
taken in the lessons of the early phases of Al, which had been similarly hasty about
psychology and paid the price by all but vanishing from the cognitive science scene.

The mistake then, and again the temptation now within NBIC, is to take for granted, or
at least to consider as basically correct, the pronouncements of our commonsense
psychology. It turns out that despite its being indeed correct in some kinds of situations,
and despite the crucial role it plays in our self-understanding as both singular individu-
als and as members of the human species, commonsense or "folk" psychology is either
outright mistaken, or more often simply mute on a considerable set of phenomena cru-
cial for scientific psychology and thus more broadly cognitive science, and eventually
for large parts of the CT ambitions. To be sure, there is an awareness, in the general
public and within CT circles, of some notorious results showing that we are prone to
making certain mistakes, typically in evaluating our own motives for our choices, or in
estimating the likelihood of some event, or again in predicting what our behaviour, or
that of others, would be in certain situations, etc. These are lessons which were drawn,
for better and for worse, from Freudianism and from social psychology, decades ago,
and the more recent work in cognitive science has brought a fresh batch of similar
phenomena, more finely described and explained. The problem is that these more flag-
rant, and easily characterised misconceptions barely scratch the surface of our mis-
conceptions, or plain ignorance, of the underpinnings of our mental lives. In particular,
commonsense delivers precious few reliable intuitions on the basic ontology of the
mental: remembering, learning, understanding, reasoning, inferring, computing, deci-
ding, seeing, etc., do not seem to be the sort of basic things from which we can deve-

4 Bainbridge, William Sims, Roco, Mihail C., eds., Managing Nano-Bio-Info-Cogno Innova-
tions, Springer, 2006: page 204.
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lop a scientific understanding of the mind without at least some serious preliminary
reform.

Rushing into computer models or computer-based devices which purport to extend our
cognitive abilities without a serious theory of the appropriate part of our cognitive appa-
ratus is bound to fail. As Bainbridge concedes, "Cognitive technologies augment the
capabilities of the human mind, and thus they require a proper understanding of how
the mind works> (Pinker, 1997)"6. But the reference to S. Pinker's be