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Abstract

Ž .This article deals with the scientific performance of the European Union EU in what is now perhaps the most important
Ž .enabling technology worldwide: information and communication technologies ICT . The performance measures are based

on the stock and flows of scientific knowledge embodied in research papers published in international scientific and
technical journals. Quantitative data derived from these papers are used to examine and compare the performance of the EU
science base with the US and Japan—two leading scientific nations in ICT research, and major competitors in ICT
industries. These bibliometric indicators characterize and compare these three ICT research bases in terms of research
output, international scientific quality, transnational knowledge flows, and domestic and international cooperation patterns.
The analysis focuses on the key issue whether or not these data bear evidence of the perceived ‘European Paradox’ which is,
among others, characterized by a strong EU public sector science base coupled to a relatively weak R&D performance of
EU firms. The findings provide empirical confirmation for the existence of this Paradox in both ICT research domains under
investigation: computers and data processing, and telecommunications. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. The European Paradox and the information and
( )communication technology ICT sector

Knowledge has always been central to economic
development, competitiveness and wealth creation.
But only over the last few years has its relative
importance been recognized, just as that importance
is growing in advanced industrialized nations. The
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determinants of success of national economies is
ever more reliant upon their effectiveness in gather-
ing and utilizing knowledge. The term ‘knowledge-
based economy’ results from this fuller recognition
of the role of knowledge in economic welfare and

Ž .growth OECD, 1996 . These knowledge-based
economies are characterized by industrial and service
innovations that are increasingly driven by the inter-
action between producers and users in the exchange
of both codified and tacit knowledge. Knowledge-
based business enterprises are now more strongly
dependent on strategic know-how and competences
that are being developed interactively and shared
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within networks, where know-who is just as signifi-
cant as know-how and know-what. The newly ac-
quired relevance of knowledge is intricately linked to
advances in ICTs and the ubiquity of successful
applications, such as personal computers, World
Wide Web, electronic databases and mobile phones.
These devices, facilities and services can be regarded
as both cause and effect of the need for collecting
and handling of large quantities of data and informa-

Ž .tion more effectively OECD, 1997 .
ICT manufacturing and services industries, and

their underlying R&D and technological innova-
tions, are clearly of vital economic importance to the

Ž .European Union EU and its knowledge-based
economies. However, European competitiveness in
the ICT sector seems to be deteriorating in recent
years. Analysts tend to benchmark the economic
performance of the EU by comparing its strengths
and weaknesses to the accomplishments of the US
and Japan, the two other regions of the ‘Triad’

Ž .trading block e.g., EC, 1997 . The findings are not
very encouraging. EU market-shares in ICTs are

Ž .dropping Booz et al., 1997 . The EU accounts for a
relative small, and declining, share of patents granted
in the both the European and US patent system in

Žvarious ICT-related areas computer and office ma-
.chinery, electronics, and instruments indicate signif-

icant weaknesses in the EU’s technological perfor-
Ž .mance EC, 1997 . Moreover, EU R&D intensity

Ž .i.e., R&D expenditure as percentage of production
are relatively low in computers as compared to the
situation in the US and Japanese ICT manufacturing
industry. However, the EU’s R&D intensity is on a
par with the US and Japan in the electronics sector
Ž .including telecommunications equipment . In con-
trast, the EU’s research base in the natural and
engineering sciences appears to be of high quality
and comparable with the US and Japanese research

Ž .performance EC, 1997 . However, to be among the
leaders in science is neither a necessary nor suffi-
cient condition to be competitive or pre-eminent in
producing ICT products for world markets. Never-
theless, the quality of the public science and engi-
neering infrastructure and its links to EU industry
may be one of the most important assets for support-
ing ICT innovations.

This set of findings indicate that the research
bases and innovation systems in EU countries appear

to be less effective in developing and exploiting
ICTs, and related ICT products, for the marketplace.
In other words, the EU is failing to commercialize its
R&D activities and inventiveness and unable to reap
economic and employment rewards of its own
achievements. Numerous studies have provided evi-
dence of the fact that several handicaps lay at the
heart of what is sometimes referred to as the

Ž . 1‘European Paradox’ e.g., EC, 1996 . This article
explores one of the perceived deficiencies in up-
stream activities of the EU ICT innovation system:
the knowledge exploitation gap in the science–tech-
nology interface, which is among others marked by
insufficient cooperation and ineffective knowledge
transfer between academia and industry. In address-
ing this issue, we focus on the following three key
features of the EU ICT science base:
1. science-intensity of EU industry;
2. public–private cooperative links;
3. knowledge flows of EU scientific knowledge

within and outside the EU.
Each of these aspects will be dealt with in terms of
quantitative measurements and bibliometric analyses
that are applied to various characteristics of ICT
research papers published in international scientific
and technical journals. The associated ‘science indi-
cators’ supply empirical data that enable a detailed
comparison of the performance of the EU, USA and
Japan in the global ICT science base.

1.2. Corporate ICT innoÕations and the public sci-
ence base

Many ICT innovations on the market are pro-
duced either by the major computer manufacturers,
the multinational consumer electronics companies or
by the large telecommunication operators, in order to
achieve a lead in the niches they occupy in global

1 The ‘European Paradox’ is comprised of an interrelated set of
constraints and deficiencies hampering innovation activities,

Ž .amongst others: 1 insufficient identification of market and soci-
Ž .etal needs, 2 lack of supportive external business environment,

Ž .3 lack of entrepreneurial motivation and aversion of risk among
Ž .investors, 3 lack of transparency in regulation and intellectual

Ž .property protection, 4 public attitudes concerning real and poten-
Ž .tial dangers of technologies, 5 insufficient investment in R&D,

Ž .6 institutional and geographic fragmentation of R&D efforts, and
Ž .7 insufficient linkage between research output and applications.
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markets. These innovations are a major driving force
of their competitiveness. Nowadays, these corpora-

Žtions are faced with both internal pressures tighter
budgets and rising costs, deregulation and privatiza-

. Žtion and external competitive pressures technology
races, shorter development cycles and global compe-

.tition . As a consequence, ICT manufacturing and
services firms often face fierce competition which

Ž .forces them 1 to focus on their core competences,
Ž .2 to carry out relatively high levels of R&D—
either in the home country or in host countries, and
Ž .3 to specialize in the primary scientific disciplines
underlying their core technologies and strategic
niches to ensure the firm’s technological leadership.
These pressures have not only created considerable
technological development activity in corporate R&
D units, but also forced them to shift the focus of
their research programmes towards application ori-
ented research and short-term objectives.

The development of innovative ICT products,
processes and services is usually carried out within
the framework of corporate R&D projects that are
an integral part of the firm’s established ongoing
innovation activities. However, the innovation pro-
cess often entails considerable interaction and feed-
back between manufacturing, marketing, research,

Žand further technological development design, test-
.ing, prototypes . Although strengthening of the cor-

porate research base and diversification of research
portfolios is now often considered less significant
than developing new technologies and meeting mar-
ket needs, ICT corporations at the technological
frontier recognize that future technological advances
and innovations require exploitation of new opportu-
nities created by basic and applied research. To
ensure a steady flow of innovations, R&D-intensive
firms need to have the competitive edge of knowing
the state of the art in the various fields of informa-
tion technology and related scientific research. Main-
taining a lead requires investments in long-term R&D
to enable acquire and upgrade relevant competences
Ž .i.e., leading-edge knowledge, techniques and skills .

The complexity of these innovation processes and
the need to balance both short-term and long-term
R&D objectives has promoted a need among R&D
units to achieve economies of scale and scope. In
fact, corporate research laboratories of large innova-
tive multinationals increasingly position their activi-

ties in the right niches and strategic environments,
and extend their activities into novel research areas
and establish new contacts. In doing so, many corpo-
rate laboratories have become more of a network
type of organizational unit within the firm and its
R&D environment, and are characterized by many
intramural and external R&D partners and intensive

Žcustomer–contractor interaction e.g., Miller, 1995;
.Pearce and Papanastassiou, 1996 .

Optimization of corporate ICT research forces
companies to tap into several reservoirs of knowl-
edge and skills—either in-house or through collabo-
rative arrangements with others. External inputs to
this process may involve contributions from parent
firms or subsidiaries, or from a variety of ‘upstream’
and ‘downstream’ resources and institutions such as
customers and suppliers, other companies through
joint ventures, consultancy firms and universities
Ž .e.g., Arundel et al., 1995 . As a result of the in-
creased pace of scientific and technological ad-
vances, many large and diversified ICT firms now
need to keep in touch with developments in more
scientific fields and areas of science-based technolo-
gies than can be covered by their in-house R&D
efforts. They have therefore forged links with the
public research sector either through consulting ser-
vices, outsourcing of contract research or joint R&D
projects. The chief aim is to access and explore new
technological developments and to receive concrete
results from fundamental and applied research with
immediate or potential relevance for their own in-

Ž .house R&D programmes e.g., Mansfield, 1995 .
These public–private linkages and knowledge trans-
fers have been an integral part of R&D strategies for
many years. For example, many scientific instru-
ments developed in fundamental research have been
transferred on a large scale to the ICT industry:
‘‘Indeed much, perhaps most, of the equipment that
one sees today in an up-to-date electronics manufac-
turing plant had its origin in the university research

Ž .laboratory’’ Rosenberg, 1992 .
Those public sector research institutes and univer-

sities are key performers of high quality generic
research in areas such as semiconductors, integrated
circuits, and opto-electronics. In doing so, they pro-
vide direct support to commercially oriented and
mission-driven research aimed at generating new
production technologies, products and services. They
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ensure a steady supply of new techniques and equip-
ment, up-to-date knowledge on leading-edge scien-
tific developments, as well as understanding of theo-
retical foundations and innovative ideas. 2 Moreover,
basic academic research activities provide a fertile
ground for high-level training of skilled technologi-
cally-oriented PhD researchers and engineers whose
knowledge and experience can be utilized in corpo-
rate R&D activities. Hence, the public research sec-
tor produces a body of scientific knowledge for
industry and serves as an overall repository of scien-
tific and technological knowledge, which helps en-
terprises reduce research costs, strengthen their R&D
capabilities and enlarge the technological portfolio.

2. Methodology and information sources

2.1. Applying bibliometrics to ICT research outputs

ICT research activities may encompass both fun-
Ždamental and applied science as well as basic ‘pub-

.lic’ technology. R&D outputs can be quite divers,
Žranging from tacit knowledge experience, ‘know-

.how’ and ‘skills’ to hardware and software, designs,
materials, prototypes and other ‘artefacts’, as well as
codified written knowledge. As for the latter type of
output, the bibliometric approach is based on the
assumption that many new ideas and knowledge
generated within the public research system normally
reach a published form at some stage because pub-
lishing has traditionally been at the core of validating
and distributing knowledge. These papers generate
knowledge and describe know-how and skills which
are disseminated and further utilized in developing
and testing technical concepts and devices which in
turn are brought to bear on industrial innovations. A
fair share of these research publications originate
from universities and research institutes and emerge
in the mainstream scientific literature as research
articles in international scientific and technical jour-
nals.

2 Fundamental scientific knowledge offers intellectual assis-
tance to applied researchers—whether in the public or in the
corporate sector—on the possibilities to derive time- and cost-sav-
ing guidance as to how best to proceed in searching for ways to
achieve technical objectives.

Bibliometrics is obviously less useful in the cor-
porate domain of the ICT sciences, where research is
meant to help generate new product and process
possibilities, and not primarily intended to produce
publishable results. Private enterprises strategically
manage their basic and applied research by means of
secrecy and appropriating results, and do not gener-
ally reward their researchers for publishing. Codified
knowledge of industrial-relevant ICT research is
therefore less likely to circulate freely through gener-
ally available scientific publications. However, many
R&D-intensive firms do publish research papers—
and some of them publish quite a lot. These compa-
nies have good reason to publish some of their
scientific and technical research—especially in those
cases where firms must invest in longer-term funda-
mental research to create in-house capabilities for
recognizing, assimilating and exploiting knowledge
created elsewhere, and that need to establish or
improve their links with the public research sector
Ž .e.g., Hicks, 1995 . Commitment to such broad-scope
long-term basic research projects requires continuity
in funding and a relatively stable institutional envi-
ronment that can only be achieved by the larger
firms with a strong market position and a good
prospect of a sustained presence in science-based
ICT manufacturing and services sectors. These exter-
nal demands have forced corporate researchers at
these large enterprises to adapt their publication
strategies in favor of more publications in the open
scientific and technical literature. In doing so these
firms release information on their in-house scientific
and technical capabilities to the outside scientific
community and thus present themselves as an ac-
ceptable player in the techno-scientific arena and its

Žtechnological alliances and R&D networks e.g.,
.Debackere et al., 1994 . Research papers by indus-

trial researchers should therefore be regarded as de-
liberate signals of the existence of tacit knowledge
and skills in order to enhance visibility and to build
credibility which is needed for R&D partnering and
exchange of scientific and technical knowledge.
These publications may also help create and main-
tain the external image of a company’s technological
leadership.

Clearly, companies publish only a fraction of their
documented scientific outputs. Before a company
publishes research results, the paper is screened and
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publication of commercially sensitive information
will be blocked in order to balance the corporate
need for secrecy with the advantages of pursuing a
strategy of openness. 3 Scientific articles—like
patents—secure knowledge claims but need not dis-
close everything. Much of industry’s R&D publica-
tions are disseminated through company journals,
conference proceedings, or through research articles
in the domestic serial literature. 4 Bibliometric indi-
cators based on articles in international journals will
tend to emphasize basic research output and underes-
timate the level of applied industrial research. As a
consequence, applied corporate ICT research, espe-
cially in areas where strategic interests prevail, tends
to be poorly represented in scientific publications in
the open literature. Despite these limitations, interna-
tional journal articles can still provide interesting
information on the science intensity of companies,
especially for the major science-based multinational
companies and large private R&D laboratories who
produce large quantities of research publications in
the international scientific and technical journals
Ž .Godin, 1996; Hicks et al., 1996 . For example,
Philips, the Dutch electronics company, publishes
some 200 of these articles each year—as much as a

Žmedium-sized European university Tijssen et al.,
.1996 .

A fraction of industry’s research papers are co-
authored with public research institutes and universi-
ties. These papers reflect successful scientific coop-
eration between industry and the public sector, and
are likely to signify related knowledge flows and
R&D networking activity between corporate re-
searchers and academic scientists. These joint re-

3 Publication delays may be imposed to secure its lead over
competitors, or suspension of publication until related patents
have been filed. In cases where patentable assets cannot be
gained, publications might be used primarily as a vehicle to secure
the claim on the intellectual property of the underlying ideas,
technical specifications, or methods and techniques.

4 The national journals often play an important role in the local
diffusion of applied knowledge, particularly to the industrial sec-
tor. These journals are better suited to reach local audiences and
matters of local interest. Most conference proceedings are presum-
ably used in preference to scientific journals because of the

Ž .shorter time-lag involved. Papers in these non-refereed proceed-
ings are usually not as extensive or definitive as those published
in refereed non-letter journals.

search papers may not only signify the completion of
successful research involving public and private sec-
tor researchers, but also indicate research topics and

Ž .areas where industry is more inclined or forced to
collaborate externally due to lack of specific in-house

Ž .knowledge or facilities Tijssen et al., 1996 .
On the whole, ICT research papers in interna-

tional scientific and technical journals provide a
source of empirical information on key features of
ICT science bases around the world. These papers
not only indicate the presence of international main-
stream research activities and scientific collaboration
but can also indirectly gauge the existence of high
quality scientific and technical capabilities. Quantita-
tive data derived from research papers enable first-
order approximations of levels of research activity
and scientific performance of major research institu-
tions, large science-based private enterprises, and
aggregates thereof such as institutional sectors, re-
gions and countries.

2.2. The ICT research database

This bibliometric analysis draws on bibliographic
records extracted from a specially developed rela-
tional database on worldwide ICT-research output. It
incorporates more than 50,000 research papers in
international scientific and technical journals that are
also covered by the Institute for Scientific Informa-

Ž .tion for its Science Citation Index SCI database.
The SCI indexes some 3500 international scientific
and technical journals, including all influential peer
reviewed journals in the natural and life sciences.
Research articles in the SCI-covered international
journals disseminate results of high quality research
throughout the worldwide scientific community. The
large set of SCI-covered journals is generally consid-
ered to provide, on the whole, a satisfactory repre-

Ž .sentation of internationally accepted ‘mainstream’
fundamental research which is carried out in indus-
trialized nations.

The ICT papers were selected from two interna-
tional databases: INSPEC and Compendex, both
dealing with research in the natural sciences and
engineering. INSPEC is the foremost bibliographic
database covering research output in electrical engi-
neering, electronics, computing and information
technology, and physics. Compendex provides a
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broad coverage of the engineering sciences. The
analysis concerns all SCI-covered research papers
with at least one INSPEC andror Compendex sub-
ject classification code explicitly referring to either
Computers–Hardware, Computers–Software or
Telecommunications. This study will deal only with
the data at the macro level, that is, its two major
research domains: Computers and Data Processing
Ž .comprising of 80% of the papers , and Telecommu-

Ž .nications 20% . The core of these papers are con-
centrated in the following scientific disciplines: elec-
trical engineering, computer sciences, applied
physics, applied mathematics, information science,

Žtelecommunications, optics and acoustics Tijssen
.and van Wijk, 1998b . Further background informa-

tion about this database and its general contents is
Ž .provided by Tijssen and van Wijk 1998a .

2.3. Mapping knowledge flows and measuring scien-
tific impact

The records in the CWTS ICT database include
the full list of authors and their affiliate addresses, as
well as the reference list with citations to the earlier
research literature. Both bibliographic items can be
used to help characterize the ICT science base in the
EU and discern features that can be utilized for
tracking down and describing features of a European
Paradox with ICT research. Pairwise analyses of
those affiliate addresses has become a conventional
way of tracing cognitive and institutional links be-
tween public sector researchers, and also offers the
possibility of performing aggregate-level quantitative

Žstudies of cooperation patterns and networking e.g.,
.Luukkonen et al., 1993 . As for the collaborative

links between the public sector and corporate sector,
joint projects involving applied research are less
likely to give rise to these co-authored research
papers in view of their restrictive knowledge dissem-
ination strategies and appropriation regimes. How-
ever, joint public–private undertakings with shared
resources that are primarily aimed at developing new
basic knowledge and know-how are more prone to
generating joint papers, especially when these collab-
orative projects include contributions from aca-
demics which are particularly focused on producing
international research papers to enhance visibility
and prestige.

Co-authored scientific papers not only indicate
scientific cooperation and research partnerships, but
—indirectly—also signify transmission of knowl-
edge and skills. Other features of knowledge transfer
processes are made visible through the reference lists
of research papers in which authors explicitly cite
their sources. These citation flows and cooperation
links enable systemic measurements of disembodied
knowledge flows within the ICT science base. This
empirical information will be used to determine the
geographical distribution of partnership ties among
countries and citation flows which provide insight in
the direction and intensities of transnational knowl-
edge ‘spillovers’.

Citation analysis is also a useful bibliometric tool
for gauging the relative scientific standing of the
research papers and the institutes and countries from
which those papers originate. The number of cita-
tions received by a scientific paper is considered a
proxy indicator of its impact or influence on the
scientific community. 5 More specifically, the num-
ber of citations received by research papers that were
published in SCI-journals and issued by other SCI-
covered papers helps gauge the international scien-
tific visibility and impact of research outputs. High
citation scores tend to reflect the underlying scien-
tific quality of work and the scientific leadership of
research-performing groups and institutions in-
volved. Using these citation impact scores as an
indicator of scientific quality offers the benefits of
comprehensiveness and objectivity at high aggregate
levels where experienced assessment of subject ex-
perts will not stretch further than a qualitative view
of a limited domain and can no longer produce
equally valid conclusions. 6 It is also important to
note that this application of citation analysis to the

5 Citation distributions are very skewed. For example, more
than 70% of all publications in the SCI-covered journals assigned

Žto the engineering sciences were never cited in 5 years Pendle-
.bury, 1991 . Moreover, usually only a small share of the papers

may account for well over a half of the citations.
6 Note that visibility and quality of research cannot be fully

assessed by applying citation analysis. A balanced judgement
Žrequires supplementary qualitative assessments generated through

.peer review panels, surveys, interviews, etc. in conjunction with
other quantitative measures of esteem—methods which, on their
part, also have their own problems and biases.
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Table 1
Scientific publication output of Triad regions in international research papers, 1993–1996a,b

Percentage of Percentage output
global output by private sector

Computers and data processing
USA 43.6 22.0
EU-15 25.4 11.1
Japan 6.5 46.6

Telecommunications
USA 38.1 41.8
EU-15 20.3 34.1
Japan 12.4 78.8

a Ž .Based on country ies listed in affiliate address.
b Ž .Papers attributed according to a whole counting scheme multiple counts of papers involving more than one country .

ICT research base is likely to produce an underesti-
mation of true scientific impact. Particularly in ICT-
areas where researchers and engineers concentrate

Žtheir activities on technologies e.g., construction
and testing of computer hardware or scientific instru-

.ments , and are consequently in most cases not
properly credited in terms of citations from related

Žscientific and technological literature see e.g., Le
.Pair, 1988 . Similar R&D activities by academics at

technical universities may also run the risk of going
Žlargely unnoticed in terms of citations Winkel-

.Schwarz et al., 1998 . Citation analysis will however
provide useful quantitative information regarding the
use and dissemination of knowledge produced in
areas of basic science and engineering relevant to
ICT.

3. Is there a European Paradox?—Results of the
bibliometric analyses

3.1. Is the ICT industry in the EU sufficiently actiÕe
in basic research?

Table 1 shows a corporate sector that accounts for
a substantial share of the worldwide research output
and is producing large numbers of research papers in
international scientific and technical journals. These
data strongly suggest that science-based firms and
private R&D laboratories appear to are more than
mere ‘free riders’ on world science and are in fact be

contributing significantly to our publicly available,
new knowledge. The data presented Table 1 also
clearly suggest that EU industry is lagging behind in
terms of its participation in scientific papers. Only
11% of the EU papers in the area of computers and
data processing belong to the private sector, whereas
US firms account for 22% of the US publication
output while their Japanese counterparts contribute
nearly half of all Japanese research papers. The
situation is somewhat better in telecommunications

Ž .research where EU firms co- author 34% of the
papers, but this fraction is still significantly below

Ž . Ž .the figures for the US 42% and Japan 79% .
Judging by the significant gap in propensity for

scientific publishing, US and Japanese ICT compa-
nies seem more research-intensive than EU firms.
Note that the extremely large share of Japanese firms
is a general characteristic of the entire Japanese

Žscience system although a considerable fraction of
those papers are directly attributable to specific large

.science-based enterprises such as Hitachi and NEC .
The substantial contribution of the US private sector
is largely explained by the output of IBM’s York-
town Heights Laboratories and the AT&T Bell Lab-
oratories, 7 both comprising of large research facili-

7 AT&T was split in 1996 into three new companies: AT&T
Ž . Žcommunications services , Lucent Technologies systems and

. Ž .technology and NCR computers . Parts of AT&T Bell Laborato-
Ž .ries went to AT&T AT&T Research and Lucent Technologies

Ž .Bell Laboratories Research .
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ties and resources devoted to conducting research
aimed at exploring the frontiers of science.

The overall share of Japan in the global ICT
research output is quite modest considering that
Japanese firms account for about a third of the EPO
and USPTO patents in electric and electrical compo-
nentsrtelecommunications equipment, and well over

Ž10% of the patents in the computers sector EC,
. 81997; OST, 1998 . One of the more plausible

reasons for this significant discrepancy is the reluc-
tance of Japanese researchers to publish their re-

Ž .search results in international English language
peer-reviewed scientific and technical journals. Fur-
thermore, a very large share of the Japanese papers
are produced by industrial researchers who are likely
to be more restrained by knowledge dissemination
and publication strategies of their companies, as
compared to their colleagues in the public sector.

3.2. Is the EU ICT research really of international
top quality?

As explained in Section 2.3, citation counts pro-
vide proxy measures of scientific impact and quality.
These impact indicators were used to ascertain
whether or not European science is indeed, as im-
plied within the concept of the European Paradox, of
the highest international quality. 9 The citation scores
in Table 2 show that this is indeed the case.

Europe is good at basic ICT research, where
Switzerland, Sweden, Germany, Austria and Great
Britain top the lists. The scores of the EU as a whole
compares reasonably well to those of the US and
Japan, ranking second in computers and processing

8 Japan accounts for 36% of the OESO business R&D expendi-
Žture in 1993 the area of computers, while the North America US,

. ŽCanada, Mexico accounts for 42%, and the EU-4 UK, France,
. Ž .Germany and Italy for 19% OECD, 1997 . The corresponding

data for telecommunications are 24%, 38%, and 31%. Further data
on worldwide ICT markets shows a 14% share for Japan, 34% for

Ž .the US and 32% for Western and Eastern Europa EITO, 1996 .
9 Note that citation frequency data tend to be discipline-depen-

dent. Different ICT research fields and subfields may have slightly
different citation propensities and thus generate different levels of
citation impact. We will assume that this effect is neglible at the

Ž .aggregate of level of supra national ICT science bases in the
advanced countries where all major ICT research fields will be
covered to a sufficient degree.

Table 2
Citation impact of most highly cited countries: average number of
citations received by 1993–1994 research papersa

b cComputers and data processing Telecommunications

Countryr Impact Countryr Impact
Triad zone Triad zone

Switzerland 2.77 Sweden 3.32
Germany 1.90 Germany 2.84
Austria 1.66 Great Britain 2.81
Sweden 1.66 Japan 2.80
USA 1.63 Switzerland 2.69
Great Britain 1.61 USA 2.65
Netherlands 1.56 EU-15 2.53
Portugal 1.53 Spain 2.39
Italy 1.52 Italy 2.26
Spain 1.45 Denmark 2.22
Russia 1.36 France 2.11
EU-15 1.35 Netherlands 2.08
France 1.31 Ireland 1.93
Belgium 1.30 Australia 1.87
Ireland 1.25 Finland 1.73
Canada 1.24 Russia 1.71
Australia 1.23 Portugal 1.65
Japan 1.23 Canada 1.46
Israel 1.20 Belgium 1.10
Finland 1.14 Israel 1.04
Singapore 0.80 Taiwan 0.90
India 0.80 Singapore 0.83
Greece 0.76 China 0.82
China 0.71 Austria 0.79
Taiwan 0.65 South Korea 0.74
South Korea 0.60 Greece 0.44

aCitation time periods: 1993–1996 for 1993 papers, 1994–1996
for 1994 papers.
b Ž .EU member states except Luxembourg and other countries with
at least 200 papers over the period 1993–1994.
c Ž .EU member states except Luxembourg and other countries with
at least 50 papers in 1993–1994.

Ž .way behind the US , and third in telecommunica-
tions research at close distance behind Japan and the
US. It is also worth noting that some non-Triad
countries such as the Russian Federation, 10 Australia
and Canada rank in the upper or middle sections of
this world league. Research from other countries like
Israel and some of the newly industrialized Asian

Žnations notably, Singapore, Taiwan and South Ko-
.rea are less visible in terms of citations in the

10 The data pertain to research done in the years 1990–1992, the
early stages in the demise of the Russian research system.
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mainstream international scientific and technical lit-
erature.

Telecommunications research attracts much more
international citations per paper on average, which
can be taken as an indication of cognitive differences
between both ICT research domains in terms of their

Žinternational orientation and internal dynamics i.e.,
speed of scientific publication and citation communi-

.cation practices . Moreover, the distribution of im-
pact scores across countries shows a much wider
range as compared to computers and data processing.
Highly cited telecom research papers tend to origi-
nate from the advanced industrialized Western coun-
tries, which have the competitive advantages of high
quality science bases to match the needs of their
more sophisticated ICT infrastructures and indus-
tries.

The publication output of most EU countries are
determined by relatively few large public sector in-
stitutions, and some major R&D-based enterprises.
Focusing on the most prolific large institutions in
terms of scientific publication activity in interna-
tional scientific and technical journals, provides a
way of identifying the main players within the EU,
and comparing their scientific impact with each other
and—more importantly—with other major institu-
tions in the US and Japan. 11 Table 3a presents the
data on computers and data processing, which on the
whole reflects the ranking of the EU, US and Japan
as shown in the previous table. Somewhat surpris-
ingly, the University of Cambridge ranks number
one—and not of one of the renowned US institutes
such as MIT or Stanford which one might expect
considering the relatively high impact of the US as a

Ž .whole see Table 2 .
More interesting is the difference between the

performances of the EU public sector and its private
sector. The research papers originating from EU
enterprises appear to be less frequently cited by the

11 Note that these results are vunerable to differences in the
research profiles and related technologial portfolios of institutions,
where those who are more actively publishing about research on
‘hot topics’ or active in highly cited research areas are likely to
receive more citations on average. A more sophisticated ‘like with
like’ comparsion should be able to reduce these biases, but
requires extensive background knowledge about the various actors
which was beyond the scope of this study.

international scientific community—both in compar-
ison to EU research universities as well as other
large US and Japanese ICT companies. Research
papers of the British Telecom laboratories are the
exception receiving more than three citations per
paper on average and boasting citation scores that
are twice as high as those of Thomson, Philips,
Siemens and Alcatel–Alsthom. These findings sug-
gest that basic research at these EU multinational

Ž .enterprises MNEs is of less significance to the
international frontiers of fundamental research as
compared to research efforts of their counterparts in
the US and Japan. This outcome may indicate a
poorer quality basic research by EU industry, but on
the other hand may also partially reflect more restric-
tive publication strategies within EU multinationals,
or a stronger emphasis on applied research that is
likely to be under-represented in this study.

The relative standing of large EU research institu-
tions and firms is much better in the case of telecom-

Ž .munications research Table 3b . This outcome is in
line with the national rankings shown in Table 2. In
fact, EU institutions top the list in both the public
and private sector: University of Essex, the French
research institute Centre National des Etudes de
Telecommunications, 12 and Ericsson, the Swedish´ ´
MNE. The citation impact of the other large EU
companies and telecommunications operators ex-
ceeds their performance levels in the field of com-
puters and data processing. The Japanese companies
are clearly outperforming the Japanese universities in
terms of citation impact: the scores of the national
telecommunications operator NTT, Fujitsu, and the
overseas operator KDD, are all significantly above
the score of the University of Tokyo.

Several institutes and firms feature prominently in
Table 3a as well as Table 3b, and are therefore
clearly very active in research on computers and data
processing, as well as telecommunications research.
This finding not only illustrates the close cognitive
links between research both ICT domains, but also

12 CNET is part of the state-owned company France Telecom,
but has operated almost as a public research organisation, serving
the entire French telecommunications industry. Papers are at-
tributed to CNET andror France Telecom according to affiliate
address listed by the authors.
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Table 3
Most highly cited institutions: average number of citations received by 1993–1994 research papersa

b,e c,fPublic sector institutions Impact Firms Impact

Computers and data processing
Univ. Cambridge EU 3.2 Hughes US 4.7
Univ. California, Berkeley US 2.8 British Telecom EU 3.1
Stanford Univ. US 2.8 Hewlett-Packard US 2.8
MIT US 2.6 Xerox US 2.6
Univ. Minnesota US 2.5 AT&TrBell Laboratories US 2.4
Kyoto Univ. JP 2.4 Fujitsu JP 2.3
Univ. California, Los Angeles US 2.4 Motorola US 2.2
Univ. London EU 2.3 Nippon Telephone and Telegraph JP 2.2
Univ. Oxford EU 2.2 NEC JP 2.0

dUniv. Wales EU 2.2 Bell Communications US 2.0
Univ. Illinois US 2.1 General Electric US 2.0
Univ. Texas US 2.1 Hitachi JP 1.9
Univ. Washington US 2.0 IBM US 1.8
Osaka Univ. JP 2.0 Thomson EU 1.8
Tech. Univ. Delft EU 1.9 Texas Instruments US 1.7
Univ. Michigan US 1.9 Philips EU 1.7
Polytech. Milan EU 1.9 Siemens EU 1.7
Univ. Tokyo JP 1.9 Intel US 1.6
Univ. Edinburgh EU 1.9 Toshiba JP 1.2
Univ. Leuven EU 1.8 Matsushita JP 0.9
Univ. Rome 1 EU 1.8 Alcatel–Alstholm EU 0.8
Univ. Maryland US 1.8
Victoria Univ. Manchester EU 1.8
Tokyo Inst. Tech. JP 1.8
Tohuku Univ. JP 1.4

Telecommunications
Univ. Essex EU 5.7 Ericsson EU 4.6
CNET EU 4.8 Hewlett-Packard US 4.5
Heinrich Hertz Inst. EU 4.6 Nippon Telephone and Telegraph JP 4.0
Stanford Univ. US 3.8 British Telecom EU 4.0
Georgia Inst. Technol. US 3.1 AT&TrBell Laboratories US 3.7
MIT US 2.6 Philips EU 3.5
Tech. Univ. Denmark EU 2.6 Fujitsu JP 3.2
Univ. California, Berkeley US 2.4 Siemens EU 3.0

dUniv. California, Los Angeles US 2.4 Bell Communications US 2.9
Univ. Strathclyde EU 2.4 Kokusai Denshin Denwa JP 2.7
Univ. Illinois US 2.3 KPN EU 2.5
Univ. Tokyo JP 2.3 Alcatel–Alstholm EU 2.4
Univ. London EU 2.3 France Telecom EU 2.0
Univ. California, San Diego US 2.3 NEC JP 2.0
Polytech. Milan EU 2.1 IBM US 1.7
California Inst. Technol. US 2.0 GTE US 1.6
Univ. Southampton EU 1.9 Hitachi JP 1.5
Delft Tech. Univ. EU 1.9
Royal Inst. Technol. EU 1.8
Univ. Maryland US 1.6
Univ. Texas US 1.3
Osaka Univ. JP 0.8
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the diversification of corporate R&D portfolios
across many ICT areas. Recent research by Gam-

Ž .bardella and Torrisi 1998 suggests that this strategy
of diversification seems to pay off for electronics
companies where technological diversification is
positively correlated with their business perfor-
mance.

3.3. Scientific cooperation in the EU science base:
its strength or its Archilles heel?

3.3.1. The public research sector
Ineffective linkages between the science base and

innovation systems are considered to be one of the
key features of the European Paradox. The transfer
of scientific knowledge and skills from the public
research sector to science-based companies consti-
tutes one of the dimensions of this interface. Part of
the flow of knowledge and know-how is channeled
through formal and informal collaborative R&D pro-
jects. Scientific cooperation can be considered a
major contributor of knowledge transfer across insti-
tutional and geographic borders: it not only entails
communication, interaction and knowledge exchange
from one partner to the other, but also helps increase
the general awareness—and often, usefulness—of
relevant external knowledge. This section focuses on
joint research papers as proxy indicators of success-
ful links between research institutions involved in
such collaboration. The authors and institutions listed
in the address heading of these co-authored papers
provide an entry point for empirical analysis of
scientific cooperation and networking in ICT-rele-
vant fundamental research, not only in terms of the
worldwide geographic distribution of the co-authors
but also the institutional type of partners involved.

Analysis of the research collaboration structure in
terms of these co-publication linkages sheds light on
the occurrence and propensity for publicrprivate
partnerships within the EU science base broken down
by geographic zones. Comparison with the similar
data on US and Japanese research papers provides
clues to whether or not the European Paradox reveals
itself is terms of relatively low levels of cross-sec-
toral cooperation and related knowledge transfer.

Table 4 presents data about the scientific collabo-
ration of public research institutions. The scientific
partner profiles distinguish between partnerships

Žwithin the main organization itself i.e., different
.departments, laboratories or research units , and ex-

ternal partners categorized by their location in one of
the five geographic zones: home country, the three

Ž .Triad zones, and the Rest of the World RoW . The
data on the external partners is broken down by main

Žinstitutional sector i.e., either public or private sec-
.tor . The findings show that each triad zone is char-

acterized by a strong preference for collaborating
with domestic partners, thus reflecting the well-
known propensities in communication flows and
knowledge transfer—especially those imposed by
person-embodied exchanges—due to cultural, geo-
graphic and linguistic constraints. Take for example
the EU research papers attributed to computers and
data processing. Here one finds a 19% share of
intramural co-authorship links referring to two or
more unitsrdepartments within the same main orga-
nization. A further 43% relates to domestic partners
outside the main organization where 29% list another
public sector institution and 14% a firm. US organi-
zations and US firms contribute to 9% of the EU
research papers. Japan is of marginal importance
with a share of 2%. Co-authorship links with non-

Notes to Table 3:
aCitation time periods: 1993–1996 for 1993 papers, 1994–1996 for 1994 papers.
b ŽTop 10 most actively publishing main research institutions in the EU and US public sector, and the top 5 Japanese main institutions output

.threshold: 70 papers over the period 1993–1996 .
c Ž . Ž .Most actively publishing EU and US firms top 10 and top 5 Japanese firms with more than 70 papers in 1993–1996 . Comprises of

Ž . Ž .private enterprises, private research laboratories, institutions funded mainly by the business sector, and semi public market-oriented
Ž .profit-making institutions e.g., telephone and telecommunication operators, public utilities . Includes the foreign R&D labs of enterprises.

d Ž .Bell Communications Research also known as Bellcore is the joint research center of the regional Bell companies.
e Ž . ŽMost actively publishing EU and US public sector research institutions top 10 , and the Japanese institutions output threshold: at least 30

.papers in 1993–1996 .
f Firms with 25 or more papers in 1993–1996.
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Table 4
ŽGeographic and institutional distribution of collaborative research papers of public research institutions, 1993–1996 percentage of

.aco-authorship links

Internal External cooperation partners Total
b b bpartners Domestic EU-15 USA Japan RoW

Public Private Public Private Public Private Public Private Public Private

Computers and data processing
EU 19 29 14 16 5 4 5 1 1 11 1 100
USA 36 18 35 3 1 0 1 4 2 100
Japan 16 26 43 4 0 1 3 5 1 100

Telecommunications
EU 9 13 35 11 15 4 7 1 1 5 4 100
USA 33 16 42 1 2 0 1 2 3 100
Japan 14 17 58 4 1 0 3 4 0 100

a ŽBased on the worldwide selection of the 96 most actively publishing universities and public research institutes see Tijssen and van Wijk,
.1998a .

b Ž . ŽDomestic: home country for EU nations: intra-country cooperation . EU-15: the 15 EU member states for EU nations: the other 14 EU
. Ž .member states . RoW Rest of World : countries outside the EU-15, USA and Japan.

Triad countries account for the remaining 12%, where
links with other public research institutions are by

Ž .far the major contributor 11% . The collaborative
ties with Swiss research institutions represent one of
the major components in this 12% share.

These co-authorship distributions clearly indicate
a relatively small share of EU co-authorship linkages
between public and private sector institutions as
compared to the US and Japan. In contrast, telecom-
munications research papers show a level which is
much more in line with the US and Japanese situa-
tion although Europe is still in third place. It seems
that domestic public research bases in the EU coun-
tries are indeed less inclined to, or capable of, forg-
ing public–private research links at the same level as
in the US and Japan.

The data provide empirical confirmation that the
various domestic ICT research bases in Europe are
becoming increasingly intertwined and interdepen-
dent; intra-EU cooperation linkages constitute the
second largest category of partnerships within the
EU countries. This finding can be ascribed to the
general trend toward internationalization of R&D,
and the effects of funding by EC Framework Pro-
grammes, such as ESPRIT, which are specifically
designed to foster R&D cooperation within and
between public and private sector and build a Euro-
pean science and technology infrastructure. More-

over, from the viewpoint of the ‘integrated EU sci-
ence base’, defined as the sum of domestic and
intra-EU links, the EU no longer lags behind the US
and Japan in telecommunications research in terms
of its propensity for cross-sectoral collaborative link-
ages. In contrast, the performance of the integrated
EU science base improves only marginally in the
area of computers and data processing. These co-
authorship data also indicate that the EU research
system seems to lack the US capability for coopera-
tion between different units of large public research
institutions: the share of intra-organizational co-
authorship links is two-fold or three-fold higher in
the US. Presumably, this finding can be—at least in
part—explained by the larger size of many US insti-
tutions which provide the economies of scope and
scale necessary to assemble enough ‘critical mass’ in
terms of physical and human capital for these close
in-house collaborative links. Considering the strength
of the US science base, it does not come as a
surprise that EU researchers frequently team up with
US partners from both the public and private sector,
although the relative shares are still quite low com-
pared to the level of domestic and intra-EU coopera-
tion.

In the main, collaborative ICT research within the
EU public sector appears to be characterized by four

Ž .key features: i strong collaborative ties and net-
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working within the national research systems—com-
prising of collaborative links both within and be-

Ž .tween main organizations; ii domestic firms are
Ž .important partners; iii EU institutions are more

involved in international collaboration, especially
Ž .with other EU institutions; and iv a relatively strong

attraction to the USA as a non-EU foreign partner.
Despite the worldwide significance of ICTs and

the increasing internationalization of the underlying
R&D, these data also seem to indicate that coopeoat-
ion is still largely determined by pre-existing institu-
tional, organizational and cultural barriers that foster
and sustain domestic research links. These local
constraints are a key determinant in scientific, tech-
nological and institutional change. Given the fact
that national research and technological capabilities
can be regarded as a cumulative process building on
prior R&D infrastructures, knowledge and know-
how, one may expect many countries, like the US
and Japan, will continue creating and distributing
their ICT knowledge results within their domestic
science base. The situation is noticeably different in
the case of the EU. Here, we find a relatively small
propensity for domestic partnering which is compen-
sated by a relatively strong tendency towards intra-
EU research partnerships. There is clearly a Euro-
pean dimension to collaborative ICT research in the
different EU member states—particularly within the
public research sector, which now seems to have

Žreached the same level as domestic cooperation in
. Žtelecommunications or at least half that level in

.computers and data processing .

3.3.2. The corporate research sector
Large MNEs 13 are the key players within the ICT

manufacturing or service industries. They are major
sources of scientific and technological knowledge
and related product innovations, and often provide

Ž .decisive input to other clusters of companies such
as specialized equipment suppliers. Many strategic

13 Several of the large MNEs are actually industrial groups
comprising of a parent group or parent company and a range of
Ž .partially owned subsidiaries and affiliations—both within the
same country as well as abroad.

R&D decisions of these firms exert significant im-
pact on domestic and transnational patterns of scien-
tific and technological activities, training and em-
ployment, as well related competitive performance of

Žindustrial sectors, regions and countries e.g.,
.Granstrand et al., 1993 . Corporate commitment to

basic research projects requires continuity in funding
and a relatively stable institutional environment that
can only be achieved by the larger multinational
firms with a strong market position and a good
prospect of a sustained presence in science-based
industrial sectors. These large R&D-intensive com-

Ž .panies are therefore characterized by: a extra funds
Ž .for research, b producing or depending on science-
Ž .based ICTs, c a commitment to broad-scope

longer-term research objectives that may result in
Ž .profit, and d internal management and research

systems which enable publication of scientific re-
sults. Some of these firms tend to focus on in-house
research, whereas others pursue strategies promoting
scientific cooperation with other companies, public
research institutes and universities.

Many of these large ICT enterprises are actors in
the global arena. They tend to control their external
technology transfers under the present circumstances
of a severe global competition to maintain competi-
tive in strategic areas. But at the same time they also
face increasing internationalization of ICT manufac-
turing and R&D activities. Without proper localiza-
tion in the various countries and markets difficulties
might occur in the competition with the other global
players on those ICT markets. Foreign direct invest-
ments by MNEs are therefore not only driven by the
size of the market, regulatory regimes, the demand
for dispersed R&D capabilities, but also access to
scientific knowledge produced elsewhere. As for the
latter, corporate R&D units need close interaction to
exploit the benefits from existing forms of local
knowledge as quickly and effectively as possible.
These inputs may come as flows of codified or tacit

Ž .knowledge, or related in tangible benefits, which
are spreading as ‘knowledge spillovers’ from one

Žresearch institution or scientific area to the next e.g.,
.Grupp, 1996 . Shared know-how and these lines of

personal interaction, often informal in character, are
often key elements of such successful knowledge
flows. Economic studies provide evidence of signifi-
cant localization effects in research activities and in
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Table 5
Ž . ŽGeographic and institutional distribution of collaborative research papers of large enterprises home base , 1993–1996 percentage of

.a,bco-authorship links

Intra-firm External cooperation partners

Domestic EU-15 USA Japan RoW

Public Private Public Private Public Private Public Private Public Private

Computers and data processing
European Union
British Telecom 33 30 4 13 13 2 2 1 3 0
Siemens 14 43 9 9 4 6 2 2 10 1
Philips 10 43 17 8 8 3 4 3 3 1
Thomson 15 38 19 6 6 9 3 3 1
Alcatel 15 29 4 17 15 4 3 1 10 1
France Telecom 12 42 18 9 9 3 6 0
Ericsson 5 45 14 11 14 9 2 0

Ž .All firms ns12 15 42 10 10 9 5 2 1 5 1

United States
IBM 23 44 11 5 1 1 1 11 0
AT&T 34 38 13 5 1 1 8 1
Bell Communications 5 52 19 7 3 3 11 1
Motorola 22 48 22 2 1 2 1
Hewlett-Packard 8 46 27 7 2 1 2 6 1
Digital Equipment 4 47 16 20 2 10 0
General Electric 6 58 25 3 4 2 1
Texas Instruments 7 63 26 4 0
Hughes 4 70 20 2 4 0
Intel 6 69 13 9 2 0
Xerox 5 73 12 7 3 0

Ž .All firms ns34 19 49 15 5 1 1 8 1

Japan
NTT 47 22 7 4 3 9 4 5 1
Hitachi 60 15 13 3 1 4 3 1 0
NEC 30 39 13 5 5 2 4 0
Toshiba 32 21 28 1 5 10 2 1
Mitsubishi Electric 50 21 21 1 5 3 0
Matsushita 37 40 11 11 2 0
Sony 59 12 14 4 6 4 0
Fujitsu 19 36 17 9 6 13 0

Ž .All firms ns16 39 28 16 3 1 6 3 3 0

Telecommunications
European Union
British Telecom 21 45 2 10 11 1 3 2 4 0
Alcatel 29 18 6 21 12 2 2 1 1 7 2
France Telecom 32 24 15 7 13 2 4 2
Siemens 14 46 6 10 14 1 8 0
Philips 7 37 12 19 21 4 0
Ericsson 10 27 13 16 20 5 1 3 3 2
KPN 2 30 12 23 25 3 2 3

Ž .All firms ns12 18 32 8 15 15 2 2 2 6 2
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Ž .Table 5 continued

Intra-firm External cooperation partners

Domestic EU-15 USA Japan RoW

Public Private Public Private Public Private Public Private Public Private

United States
AT&T 55 22 14 3 2 1 4 0
Bell Communications 10 39 29 10 2 3 7 1
IBM 17 39 20 5 1 12 0
Hewlett-Packard 5 33 31 16 3 2 7 0
GTE 8 64 26 3 0
Motorola 16 53 19 5 2 2 0
Hughes 7 60 24 9 0

Ž .All firms ns30 32 34 20 4 2 1 5 0

Japan
NTT 73 10 4 1 2 1 3 6 1
NEC 56 21 13 3 1 1 3 0
Hitachi 76 14 4 6 0
KDD 50 7 7 36 0
Fujitsu 18 29 12 18 12 12 0
Matsushita 46 29 8 4 13 0
Toshiba 41 29 18 12
Oki Electric 27 27 7 20 20 0
Mitsubishi Electric 40 40 15 5 0

Ž .All firms ns15 47 24 10 3 3 5 3 3 1

a Ž .Selection of firms per Triad region with the largest number of research papers at least 30 , sorted by descending frequency of publication
output.
bSee footnotes of Table 4 for an explanation of the types of external cooperation partners.

Ž .the spillovers associated with them e.g., Jaffe, 1989 .
These geographical spillovers are more likely to
accrue at ICT firms located near to research labora-
tories and universities.

The technology-driven motivations and long-term
strategies of these firms force them to maintain their
Ž .downsized central research laboratories and estab-
lish new laboratories abroad in order to effectively
develop new forms of ICT research knowledge, and
share and transfer information with their scientific
partners. Many MNEs have now implemented tech-
nology-oriented strategies and investments aimed at
establishing and maintaining these decentralized R&
D laboratories across different countries. Further-

Ž .more, recent research by Hirst and Thompson 1996
suggests that multinational corporations are nowa-
days locating their R&D activities in countries and
regions rich in knowledge and skills rather than
those rich in cheap labor. It stands to reason that
these foreign R&D laboratories will focus on local

fields of expertise and scientific partners of local
importance: not only for gaining access to the local
science base and optimizing links with government-
funded research, but also to attract high quality
scientific and technical talent to provide a further
source of new technologies and innovations that can
be utilized internationally in their global network. In
addition, results from a recent study on patenting by
those foreign affiliates suggest that their foreign
R&D activities are also driven by the need to pro-
vide technical support and applied research for pro-
duction engineering and manufacturing in order to
customize local products, materials and processes
Ž .Patel and Vega, 1998 .

Table 1 already amply illustrated the importance
of the corporate sector as a producer of ICT research
papers. As described in Section 1.2, the participation
of corporate researchers in scientific communities
often requires public disclosure of research results,
and encourages voluntary knowledge spillovers from
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industry to the public sector. Most of the research
papers from the large corporations will originate
from the central R&D laboratories that are primarily
involved in goal-oriented fundamental research or
applied research focused on technological applica-
tions. Additional research papers are sometimes pro-
duced by other corporate laboratories, such as dis-

Žtributed applied R&D facilities divisional and ap-
.plied research laboratories or development centers

that are more closely tied to production activities.
Many of these foreign R&D units produce their own
research papers in international journals, which occa-
sionally list co-authors from other local research
institutions. As a result, analyses of these firms’
scientific co-publication partners not only offer em-
pirical evidence of links with research partners within
their home base, but also yields clues about the
extent to which their foreign R&D units draw on
knowledge and resources within local science and
engineering bases.

Table 5a and b present the distribution of co-
authorships for a set of large ICT corporations. The
analysis covers 68 of the largest firms in terms of

their scientific publication output. This selection in-
cludes all major R&D-intensive electronics and
computer companies, as well as several large tele-
com operators, with corporate headquarters located
in one of the Triad zones. About 80% of the research
papers of the selected EU firms actually originate

Žfrom their ‘home country’ i.e., location of the head-
.quarters of the parent group often resulting from

research conducted by central R&D laboratories.
The majority of the other research papers by EU
industry originate from laboratories linked to their
subsidiaries and affiliates in other EU member states.
The publication output of the selected American and
Japanese firms appear to be less globalized: between
90 and 93% of their papers originate from the home
country. It seems that Japan and the US appear to
locate a smaller proportion of their basic research
activities in other countries. Table 6a and b present
the data for foreign affiliates of these MNEs.

Table 5a shows that, in the main, US firms take
the lead over EU companies with regard to their
propensity for partnerships within the respective na-
tional science bases—both with public research insti-

Table 6
Ž .a,bGeographic distribution of collaborative research papers of MNEs foreign affiliates, 1993–1996 percentage of co-authorship links

Intra-firm External cooperation partners

Domestic EU-15 USA Japan RoW

Public Private Public Private Public Private Public Private Public Private

Computers and data processing
Siemens 9 52 19 4 15 1
Philips 9 45 23 5 5 4 1 3 4
Thomson 10 17 14 5 3 1 50
Alcatel 3 46 6 15 18 3 9
Ericsson 4 67 17 13
IBM 31 36 7 4 1 16 3 1 1 1
Hewlett-Packard 3 41 31 10 7 3 3
NEC 5 62 20 5 1 7 1

Telecommunications
Philips 9 48 4 13 17 9 9
Alcatel 22 24 7 22 14 1 2 6
Ericsson 5 38 21 14 14 2
IBM 28 31 4 6 28 2 2 4
NEC 10 52 19 10 5 5

aAffiliates located outside home country of the MNEs headquarters. Selection of firms whose foreign affiliates account for at least 20
research papers.
bSee footnotes of Table 4 for an explanation of the types of external cooperation partners.
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tutions as well as with other firms. As one might
expect, the largest difference between the European
firms and those in the US and Japan relate to the
extensive intra-EU partnering of EU firms. These
research partnerships of European firms are more or
less equally divided across the public sector partners
Ž .10% of all their co-authorship linkages and private

Ž .sector partners 9% . The relatively small share of
Ž .domestic inter-firm links 10% is compensated by a

relatively large fraction of inter-firm partnerships
involving other EU member states. Totaling the
shares of domestic cooperation and intra-EU cooper-
ation adds up to a share of inter-firm linkages that is
comparable to the situation in the US. The Japanese
companies show a markedly different profile with a
high propensity for cooperation among different re-
search units of the same firm coupled to a relatively
small fraction of papers involving cooperation with
research performing institutions within the Japanese
public sector.

These aggregate data provide a broad sketch of
cooperation patterns that obscures the heterogeneity
of the scientific partnership profiles of individual
EU-based companies. At this level one can discern
marked differences between these firms, reflecting
corporate strategies and capabilities for scientific
cooperation. British Telecom is characterized by a
large number of papers involving researchers from
different departments, whereas Ericsson seems much
less involved in intra-firm scientific cooperation and
more focused on research collaboration with other
EU companies, and Alcatel’s collaborative research
activities show a preference for partners in the public
research sector. Most of the EU and Japanese com-

Ž .panies exhibit significant shares 5% or more of
research links with R&D partners based in the US.

Table 5b displays the scientific partner profiles of
large firms with regard to their telecommunications-
oriented research. The findings reveal a relatively
large intra-EU input as compared to computers and
data processing: 30% of the co-authorship links in-
volve an organization from another EU member state
Ž .15% public sector and 15% firms . The stronger
orientation on European partners is accompanied by
lower levels of domestic collaboration, amounting to
40% of the co-authorships which is significantly less
than in the area of computers and data processing
Ž .52% . There is also a slightly stronger tendency

among EU firms to collaborate with US public re-
Ž .search organizations 5% as compared to the state

Ž .of affairs in computers 2% . However, telecommu-
nication research at EU firms shows a rather weak
performance regarding intra-firm collaboration: only
18% of the co-authorships refer to research papers
involving different R&D units, well below the scores

Ž . Ž .of Japan 47% and the US 32% . EU firms seem to
rely more heavily on external collaborative research
compared to their competitors in the US and Japan.

Summarizing these overall profiles provide empir-
ical evidence that these selected large R&D-intensive

Ž .companies and MNEs are 1 engaged in worldwide
Ž .research activities, 2 rely heavily on in-house coop-

Ž .eration and networking, as well as 3 some external
input from a geographically dispersed variety of
public research institutes, universities and other en-
terprises. However, the core of the activities is still
strongly focused on the domestic science base, which
corroborates with other patent-based bibliometric
findings indicating that R&D activities of MNEs

Žremain to a large extent local e.g., Patel and Pavitt,
.1993 . Both the US and Japanese firms show a

strong reliance on their own in-house resources and
those distributed throughout their national science
base. EU firms seem to focus on their public national
research system, but on top of that tap extensively
into the resources of the EU member states, both
through partnerships with public research institutions
as well as other EU companies. The EU ICT compa-
nies thus seem more internationalized than either
American or Japanese firms.

In conclusion, these findings indicate that the
research activities of these large enterprises are cer-
tainly to some extent internationalized, both in terms
of their substantive contribution to papers distributed
through international scientific and technical jour-
nals, as well as their engage in international collabo-
rative research. However, the results show little sign
of fully-pledged globalization. The collaborative links
are still predominantly focused on the local science
base and the geographic distribution of foreign scien-
tific partners appears is mainly confined to the Triad.
Although the large MNEs exhibit this tendency to-
ward ‘Triadization’ only a comparatively small frac-
tion of their total publication output originates from
their foreign R&D establishments. Hence from an
R&D perspective these large multinational ICT en-
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terprises still appear to a far cry from becoming truly
Ž .‘stateless companies’ which are characterized by i

Ž .being active in many countries, ii cooperating with
Ž .researchers around the globe, and iii tapping into

knowledge and skills from those places and facilities
Žwhere the best research is performed Hicks et al.,

.1994 .

3.4. Knowledge flows and spilloÕers: is EU scientific
knowledge leaking away?

Viewed in economic terms, scientific information
has intrinsic properties of a quasi-public good: it is
re-useable and to a certain degree non-appropriable
Ž .non-exclusive , simultaneously accessible, pos-
sessed, and usable by others without loss of its

Ž .intrinsic qualities non-rival . Moreover, scientific
knowledge that is codified in research papers is
durable and can be transmitted at fairly low cost
Ž .Callon, 1994 . The large R&D-intensive MNEs
take advantage of these properties in their search for
recognized sources of scientific excellence and new
knowledge creation around the world. However, sci-
entific knowledge is not intelligible and applicable
by others without cost to the user. Companies that
want to absorb and benefit from research performed
elsewhere need complementary investments and ac-

Žcumulated capabilities personnel, equipment, learn-
.ing processes, and access to scientific networks

which can only be acquired by a strong presence in
the global science base. MNEs with their own in-
house research base and R&D laboratories are well-
equipped to seek out and pinpoint knowledge and
skills across the globe which might prove beneficial
for achieving their medium or long term corporate
R&D goals. Moreover, scientific knowledge is only
partially non-exclusive which leads to external uti-
lization and spillover effects outside the domain in
which the knowledge was originally produced. Large
R&D-intensive MNEs can take advantage of these
knowledge spillovers by locating their foreign affili-
ates and R&D units in the proximity of knowledge
intensive environments—such as universities, sci-
ence parks, technopoles—in various countries they
are able to tap directly tap into locally produced

Žknowledge and use complementary assets qualified

scientists and engineers, specific R&D skills, techni-
. 14cal facilities .

As previously noted, a non-negligible fraction of
the research papers that are produced by researchers
working at large enterprises originate from their
R&D units and affiliates outside the home country.
Focusing on the selected large MNEs, the share of
these papers amounts to 30% in the case of EU, 10%
for Japan, and as much as 40% of the US research

Žpapers in computers and data processing and 20% in
.telecommunications research . Table 6 displays the

scientific partner profiles of foreign affiliates belong-
ing to the MNEs with the largest publication output
by their foreign R&D laboratories. The breakdown
of their co-authored research papers presents further
empirical insight into issues related to MNEs
‘windows on foreign science’ such as the decentral-
ization of their R&D activities, corporate strategies
on the use of scientific resources and related R&D
networking, and spillovers from domestic research
bases. It also enables us a glimpse of the kind of EU
partners that non-EU MNEs prefer.

The data referring to computers and data process-
ing indicate that most of these MNEs share a strong
preference for linking up with partners in the na-
tional research systems, especially with the public
research sector. In other cases, such as foreign affili-
ates of Alcatel and Hewlett-Packard, firms seem to
have adopted a geographically broader collaboration
strategy that incorporates partnering with organiza-
tions from other EU countries as well. Researchers at
IBM’s foreign affiliates co-author a considerable
share of their papers with their colleagues based at

14 There is an ongoing debate about the significance of foreign
R&D units. The early literature stressed the role of home markets
in determining firms’ technological advantages. Successful export
activities led on to the establishment of production facilities in
other countries and any associated R&D activity was mainly

Žconcerned with adapting products to meet local tastes Vernon,
.1966 . More recent analysis of the US patenting activity of the

world’s largest firms indicates that, for the majority, technology
Žproduction remains close to the home base Patel and Pavitt,

.1995 . Moreover, when these firms locate R&D activities abroad,
no systematic relationship is found between their presence in a
technical field and the relative technological strength of the host
country in that area; there is no evidence of any relationship with
the scientific strength of the host country in specific fields.
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other IBM affiliates. As for the EU firms in telecom-
munications research, here one finds a stronger ori-
entation toward partnerships with firms and with
public sector institutions in other EU member states.

In brief, these patterns of co-authorship linkages
indicate that the large R&D intensive firms are
engaged in substantial levels of external scientific
collaboration. Many of these firms appear to draw
their basic scientific knowledge from a geographi-
cally dispersed set of actors. Nevertheless, localized
effects tend to dominate ICT research coopera-
tion—more than 90% of the partnerships involve

Žlocal sources i.e., research institutions from the
same country or from other units within the corpora-

.tion . Collaboration seems least localized in the case
of EU telecommunications research where about 70%
of the partners are based in the same country or in
other EU member states.

Knowledge spillovers can be divided in tacit and
codified knowledge. Tacit knowledge is often con-
text-dependent and experience-based and therefore
tends to remain invisible to external assessment.
Codified knowledge however is concrete information
and its flows can be traced and measured up to a

Ž .certain degree e.g., Grupp, 1996 . Moreover, codi-
fied knowledge flows related to basic research leave
a paper trail in the form of the reference lists of the
research papers. These references to other papers
indicate an awareness of research results which is
primarily driven by the intrinsic value of the new
knowledge for further application. These citation
flows are also less constrained by cultural traditions,
language, geographic proximity and institutional bar-
riers, which tend to hamper person-embodied ex-
changes and transfers of tacit knowledge and affect

Ž .partnering in in formal scientific cooperation
arrangements. Hence, citations constitute a more
unobtrusive reflection of the free circulation of
knowledge, and are therefore suited for quantitative
analyses of the direction and intensity of knowledge
flows at the international frontiers of scientific re-
search. These citation data enable a mapping of the
interrelationships between the science bases of the
EU, US and Japan in terms of their capability to
produce relevant scientific results and their tendency
to use knowledge produced elsewhere. Incoming and
outgoing citation flows allow for a comparison of the
relative importance of EU research for the EU itself,

Ž .Fig. 1. a Intra-Triad citation flows in computers and data
Ž .processing. b Intra-Triad citation flows in telecommunications.

U
Share of citations from papers in 1995–1996 to papers pub-

lished after 1989.

as well as its appreciation by the US researchers and
the Japanese. Significant imbalances between these
flows are likely to indicate strong spillover effects.
In the extreme case, one might even encounter ex-
cessive ‘knowledge leakage’ marked by very skewed
citation flows.

Fig. 1 presents the pattern of international citation
flows within the Triad in both ICT domains. The
geographic distribution is based on the countries that
were listed in the address heading of serial literature
cited by ICT research papers in 1995–1996. 15 The

15 Pertains to cited research papers published after 1989 and
covered by the SCI. The number of citation links are based on a
single counting scheme in which each pair of citing–cited coun-
tries is counted only once irrespective of the number of times the
countries are listed in both author affiliations lists of the citing and
cited paper.
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large share of citations referring to domestic papers
Ž .i.e., originating from within the same Triad zone is
clearly the dominating factor in these knowledge
flows. It accounts for as much as 91% of the EU
citations in the domain of computers and data pro-
cessing. Here one should take into account that these
relatively large fractions are in part caused by author

Žself-citations researchers citing their previous SCI-
.covered publications , which in general amounts to

about 15 to 20% of all citations. A relatively large
share of the remaining EU references cites US re-
search whereas only a minute fraction refers to
Japanese science.

Basically, one would expect an inverse relation-
ship between the size of the science base and its
reliance of external sources of knowledge, where the
US exhibits the strongest propensity to cite its own
research output and Japan showing the smallest self-
citation rate. Moreover, considering the sizes and the
science bases involved and the free flow of citations,
one might expect a balance between inflows and
outflows. However, the expected relationship be-
tween size and citation flows does not materialize,
primarily because EU research is attracting a rela-
tively high proportion of the citations from the US:
13.4% of the US-given references related to EU
science, whereas EU citations to US papers accounts
for only 8.4% of the EU total. Considering the much

Ž .larger number of US papers involved see Table 1 ,
this imbalance is much larger in terms of the abso-
lute numbers of citations. This finding can of course
also be taken as a confirmation of the high citation
impact—and related scientific quality—of the EU

Ž .science base see Table 2 , which in itself can be
construed as a measure of its scientific success. On
the other hand, the US researchers seem to be more
interested and in need of EU research results than
vice versa. These results suggest that EU knowledge
is indeed to some extent leaking away to the US
research and innovation system where is likely to be
used there in related technological developments.
The citation flows between the EU and Japan are
characterized by the same pattern with a relatively
large net negative ‘knowledge income’ for the EU.
The citation flows in telecommunication research
exhibit a similar general pattern of inter-Triad flows.
In fact, the EU seems to be an even larger net
exporter of knowledge to the US, which ties in with

the excellent citation impact scores of the EU sci-
ence base. The relationship between the size of the
science based and citation flows in telecommunica-
tions research is quite the opposite of what one
might expect. Note that the extremely high share of
domestic citations in Japan—and to a lesser extent in
the EU—might be explained by the stronger pres-

Ž .ence of a few formerly state-owned large telecom-
munication operators in the EU and Japanese science
bases. These key actors tend to perpetuate a system
dominated by long-standing institutional ties within
domestic science systems and associated use of local
knowledge and information flows.

Considering the differences in research environ-
ment and their main R&D objectives, one might
expect differences in the pattern of citation flows
between papers of industrial researchers and of those
working in the public research sector. One may
hypothesize that academic researchers are more em-
bedded in the international scientific community and
therefore more aware of relevant fundamental re-
search outside the local or national science base. In
contrast, industrial researchers and engineers seem
more inclined to tap into local resources and rely on
their knowledge generated within R&D networks

Žand programmes in which they participate Aloni,
.1985; De Smet, 1992 . Hence, one should expect

more citations from industrial researchers to papers
originating from the same Triad zone. In view of the
presumably ineffective EU science–technology inter-
face, one of the hallmarks of the perceived European
Paradox, one may further assume that European
industry is indeed impeded, and outperformed by the
US, in its ability to optimally exploit scientific

Ž .knowledge bases in the EU and elsewhere . Hence,
one may conjecture that EU industrial researchers
are inclined to be more focused on their own science
base—in contrast to a more outward orientation of
their US counterparts.

The citation data by citing institutional sector
presented in Table 7 seem to confirm these hypothe-
ses for both ICT fields:

Ø The industrial researchers in the EU, USA and
Japan exhibit a slight, albeit noticeable, preference
for citing papers from domestic sources as compared
to colleagues in the public sector. EU researchers
show the strongest focus on the domestic science
base.
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Table 7
Intra-Triad citation flows broken down by citing institutional
sectora

Citations from: EU-15 USA Japan

Public Private Public Private Public Private

Computers and data processing
Citations to:
EU 90.1 95.6 14.0 11.5 9.4 1.7
USA 9.3 3.8 83.8 85.2 12.9 16.7
Japan 0.7 0.6 2.1 3.3 77.7 81.6

Telecommunications
Citations to:
EU 85.8 92.9 23.4 22.6 2.0 0.6
USA 14.0 7.1 72.5 74.7 12.0 3.8
Japan 0.3 0.0 4.1 2.8 86.0 95.5

a Ž .Share of citations in % from 1995 to 1996 papers given to
previous research papers from 1990 onwards.

Ø US research appears to be much more signifi-
cant to researchers at EU firms in comparison to
papers originating from the Japanese science base
Ževen though Japan has a high citation score in

.telecommunications research—see Table 2 .
Ø The bias in favor of the local science base is

somewhat stronger in the EU as compared to the US
—the EU shows a 6% point difference between the
public and private sector, the US only 2%. EU
research activities in ICT industries therefore seem
to be slightly more focused on relevant scientific
achievements in their domestic andror European
knowledge base.

In summary, EU firms tend to be slightly less
aware of relevant science outside the EU and are
somewhat more inclined to cite local knowledge
bases as an information source.

4. Concluding remarks

4.1. EÕidence of the European Paradox

The range of bibliometric indicators adopted in
this study depicts an EU science base that is pre-
dominantly characterized by its importance as a local
source of basic research for EU countries. This
applies to research in the area of computers and data
processing as well telecommunications research. Eu-

rope seems to be using its local knowledge base to a
considerable degree, thus casting some doubt on the
existence a knowledge exploitation gap in the Euro-
pean science–technology interface. Given the num-
bers of co-authored research papers, corporate re-
searchers appear to be quite actively involved in both
domestic scientific cooperation as well as intra-EU
collaborative linkages, and also collaborate with US
institutions and firms. In doing so, these R&D-based
corporations seem to have established many scien-
tific links with major institutions in the public and
corporate research sector. However, the results of the
study also point out that Europe’s ICT science base
is characterized by a smaller fraction of research

Žpapers involving intra-firm cooperation in both do-
mains, but particularly in the case of telecommunica-

.tions research , as well as a smaller fraction of public
sector research papers resulting from internal cooper-

Ž .ation particularly in telecommunications . This may
well relate to the fact that EU institutions and firms
are usually smaller in size compared to their US
counterparts, and may therefore lack the critical mass
for such close collaborative links.

However, other findings emerging from this study
exhibit features of the EU science base that seem to
point more directly to the perceived European Para-
dox. Comparison with the scores of the US and
Japanese science bases reveal the following tell-tail
signs.

Ž .1 High scientific quality of EU basic research in
terms of international citation impact, particularly in
telecommunications research. In fact, EU public re-
search institutes top the citation ranking in both
domains of fundamental research. EU firms are also
well placed in both these rankings.

Ž .2 Significantly lower shares of research papers
by EU industry, particularly in computers and data
processing.

Ž .3 The EU science base appears to be a net
exporter of scientific knowledge within the Triad, as
indicated by a negative balance in citation flows in
both ICT research domains.

In other words, ICT research in the EU appears to
be at the international scientific frontier, but lacks a
strong involvement of EU industry, and the resulting
scientific knowledge appears to be extensively used
by non-EU researchers as well. These observations
indicate the presence of an exploitation gap within
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the EU science base and therefore lend some tenta-
tive empirical support to the assumption that Euro-
pean Paradox is indeed also rooted in European ICT
research activities. However, there are some distinct
differences between European research in the area of
computers and data processing, and telecommunica-
tions research. The scientific performance of the EU
science base in telecommunications is clearly supe-
rior to computers, and also seems to be more EU-ori-
ented in terms of cooperation patterns—especially
with regard to public–private linkages. It is more
than likely that this can be in part attributed to the
success of cooperation promoting R&D programmes
of the European Commission in telecommunications
such as ESPRIT which have encouraged the concen-
tration and accumulation of research knowledge and
competencies within EU-based firms, research insti-
tutions and R&D networks.

4.2. Policy issues

Scientific advances are clearly a major contribut-
ing factor in the long-term effectiveness of ICT
innovation systems underpinning the production of
marketable and commercially successful ICT prod-
ucts and services. Although direct relationships are
hard to quantify, leading edge basic research and
application-oriented research seem essential for the
EU’s strategic position in the ICT sector. Emerging
ICT innovations will increasingly be based on a
Ž .re- combination of scientific knowledge and techno-
logical know-how, and draw on research outputs and
skills generated in collaborative networks that will
most likely become increasingly international in the
foreseeable future. EU nations will therefore require
a sustained strong ICT science base to be able to
effectively access and utilize that global pool of
knowledge, skills and artefacts. The findings of this
study indicate that the necessary knowledge infras-
tructure for basic research seems to be performing
quite well in terms of knowledge production and
international scientific impact.

A considerable number of private sector institu-
tions in the EU—and some of the large R&D
intensive enterprises in particular—have been pro-
ducing significant numbers of research papers in this
decade in international scientific and technical jour-
nals. Clearly, many firms and private R&D laborato-

ries are contributing significantly to our publicly
available, new scientific knowledge. As such, they
are clearly a decisive input to the ICT science base
and deserve more credit than merely being consid-
ered as ‘free riders’ whose main objective is to
exploit the large reservoir of research results gener-
ated by universities and other public research labora-
tories.

As regards to EU knowledge transfer from the
public sector to the corporate sector, previous R&D
policy studies have pointed out that proximity is an
important factor in forging research linkages. It has
become apparent that language barriers and tacit
components of knowledge can be major obstacles in
communication and knowledge diffusion processes.
Firms that are geographically and culturally close to
research institutions are therefore better placed to

Žreap benefits of research outputs Dasgupta and
.David, 1994; Pavitt, 1994 . This ‘home advantage’

of EU firms in the EU science base is quite visible in
the research papers. The large share of public–private
co-authorships by EU firms provides convincing em-
pirical evidence of the important role of domestic
science bases for knowledge transfer, and also indi-
cate a relatively strong intra-EU cooperative research
network facilitating these cross-sectoral linkages.

The bibliometric data in this study also provide
ample evidence of transnational cooperation—both
within and between institutional sectors—and point
out that foreign affiliates of MNEs are tapping into
domestic science bases. Here one must keep in mind
that the ICT industry has been globally oriented for
several decades now: many large electronics firms
have been operating on a global scale from the very
beginning. Yet, comparatively few signs are found of
true globalization in R&D activity in the private
sector in terms of decentralization of basic research
facilities and related output of scientific papers.
However, in view of the previously noted market
pressures on ICT firms and the trend towards further
internationalization of manufacturing and marketing
activities within ICT industries, it is not unlikely that
the future will not only bring us more foreign R&D
units as well as an increasing number of R&D
intensive ICT enterprises forging international coop-
erative links and entering technological alliances to
limit the risks and costs involved in leading edge
ICT R&D. This new way of operating will rely on
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building and sustaining more links between scientific
knowledge producers and those involved in knowl-
edge application—on the regional, national as well
as global level. Customized research partnerships
and outsourcing arrangements are likely to become
an essential part of developing and managing dy-
namic R&D networks and technological alliances as
assets that enable firms to accrue the wider benefits
of the global ICT science base. These global R&D
strategies will also require intensified coordination in
order to allocate the scarce high-quality resources
efficiently and effectively.

Globalization and localization are not only an
important factor in decisions regarding manufactur-
ing and R&D management of ICT enterprises, but
also in technology-related economic policy by many
governments. It is argued that local S&T infrastruc-
tures determine the capacity for advances in ICT
R&D and shape specialized domestic patterns of
ICT innovation activity and enhance competitive-
ness. 16 Domestic and local advantages in specific
places include formal links between university
research and industrial R&D as the outcome of
cumulative investments in human and technological
capabilities. These strengths in research areas can
also be crucial factor in attracting foreign ICT com-
panies to fund and carry out R&D. Advanced indus-
trialized countries and regions are therefore keen to
strengthen their domestic ICT sector by promoting
the transfer of knowledge and skills generated in
their national research base to local ICT service and
manufacturing industries. R & D policies should
therefore support both local capabilities in public
research and the ability of firms to form links with
public research outside the home country or even
outside the EU. The strong proximity effect could be
a problem in the ICT sector where the US and Japan
have competitive advantages, and tend to find infor-
mation sources in their own regions to be more
important. However, policies aimed at encouraging
European firms to form alliances with American and

16 Ž .Feldman and Florida 1994 argue: ‘‘In the modern economy,
locational advantage in the capacity to innovate is ever more
dependent on the agglomerations of specialised skills, knowledge,
institutions, and resources that make up an underlying technologi-
cal infrastructure.’’

Japanese research institutions and establish joint ven-
tures with foreign firms could help to bridge this
knowledge gap.

However, it is important to note that future bene-
Ž .fits of supra- national governments’ investments in

ICT research are not likely to be fully captured by
knowledge producers—neither by the local or do-
mestic science base, nor the regional or national
economies involved—but will also be transferred,
exchanged and exploited elsewhere. Such spillover
effects are inevitable given the internationalization of
ICT firms in knowledge-based economies and the
ongoing process towards further scientific and tech-
nological cooperation. Knowledge and skills are
slowly becoming less and less reliant on traditional
institutional frameworks or geographical locality.
Time will tell whether or not the EU will be a net
beneficiary or supplier of scientific knowledge in the
near future. Given the outcome of our analyses,
which provide a first approximate that more knowl-
edge seems to be flowing out of the EU than in-
wards, it is not unreasonable to assume that the
internationalization in ICT industries and related sci-
ence bases might actually exacerbate this ‘leakage’.

4.3. Towards a benchmarking of the EU ICT science
base

This exploratory case study of the European Para-
dox in the ICT science base focused specifically on
the stock and flows of scientific knowledge as
embodied by research papers published in the inter-
national scientific and technical literature. This
so-called ‘bibliometric’ approach provides a set of
measures and statistics which enables systemic and
objective comparisons at various levels of aggrega-
tion and across a range of features including research
output, cooperation and knowledge flows. These bib-
liometric indicators provide relevant and objective
data about linkage patterns and institutional features
underpinning the workings and dynamics of the en-
tire science base. Results of bibliometric studies can
be incorporated into large-scale comparative assess-
ments of the scientific performance of EU as a
whole, its member states, R&D intensive regions or
major R&D institutions.

It goes without saying that this approach is bound
to give an incomplete picture of scientific strengths
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and weaknesses. Bibliometric data are by definition
retrospective: research papers, and citations to those
papers, refer to R&D activities of the past. This
inherent limitation obviously restricts the scope for
assessments of the current state of affairs in ICT
research or of future developments. Nonetheless,
these data still represent relevant information given
the cumulative nature of knowledge production which

Ž .builds largely on prior supra national research capa-
bilities and R&D infrastructures: the past perfor-
mance is often the best predictor of scientific
achievements and developments in the near future.
Bibliometric indicators can provide valuable back-
ground data for tracking trends, and monitoring new
features in the EU ICT science base.

In conclusion, bibliometrics provides a useful ana-
lytical framework for objective quantitative analyses
of phenomena such as the European Paradox from
the perspective of printed scientific outputs. As such
it may help lay empirical foundations for further

Žscience policy analysis and debate in the EU e.g.,
.Gabolde, 1998 . Clearly, further research is required

to fully assess the added value of all the bibliometric
results presented in this paper. A comparison with
Ž .quantifiable information derived from other inde-
pendent sources, such as EU-wide surveys like the

Ž .Community Innovation Survey CIS or sectoral
studies of research cooperation, patenting and tech-
nological networks in ICT industries, should provide
interesting material for verification and might also
pave the way for benchmarking studies of ICT sci-
ence–technology interfaces within the framework of
the EU research and innovation system.
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