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Introduction

Advances in science and technology have transformed our daily lives, improving health,
welfare, life expectancy and economic prosperity. Governments and commercial
organisations have come to expect that investment in research and development will continue
this positive trend - but how should they spend that money most wisely? Examination of the
research output of the leading scientific nations, compared with the support they have given to
R&D, can lead to some tentative conclusions about strategies for the management of
scientific and technological progress. Increasingly, the effectiveness of those strategies will
also depend on the involvement of the public at large in policy decisions leading to advances
that will materially affect their lives.

1.  Outputs and inputs

(a) Research output. National scientific productivity is most easily measured by counting the
number of papers published in scientific journals. Alternatively the impact of a country’s
research can be measured by counting how frequently those papers are cited by others. The
United States accounts for around a third of the total published papers, and in recent years
Japan has moved into second position with around 9 per cent of the total. The UK is very
close behind, followed at a greater distance by larger countries such as France and Germany.
The rankings are similar for share of citations.

As with economic performance, it makes more sense to judge scientific output not in absolute
terms but relative to a country’s population size. On this measure the relative positions in the
scientific output league table shift considerably. The leaders are Switzerland, Israel and
Sweden, with Scotland also featuring high in the list if considered separately from the rest of
the UK. Canada, the Netherlands, Denmark and Finland also perform well. The UK and the
US, in that order, only just make it into the top ten, while France, Germany and Japan are
several places below.
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The bibliometric measures on which these figures are based have some flaws. They fail fully
to reflect, for example, the high proportion of research papers that are the product of
international collaborations, a trend that will only increase in the future. Already more than a
quarter of all UK papers have at least one international co-author. In addition, the figures tend
to be biased against non-English speaking countries, although this has not prevented Sweden
and Switzerland from topping the list in terms of scientific productivity per capita. However,
the figures do provide at least an indication of the degree of scientific activity in different
nations.

(b) Research inputs.  A country’s commitment to investment in science might be judged by its
spending, as a percentage of GDP, on basic research - what we call the "science base". This is
the investment that produces new knowledge, access to the knowledge produced by other
countries ("membership of the club") and - most important - a continuing infusion of well
trained young people. On measures of overall investment in the science base relative to
country size - including money from government, charities, industry and commerce - Japan is
unequivocally the world leader, a position it has reached relatively recently. It spends a little
over 1% of GDP, well ahead of the US and the UK which both spend around 0.6-0.7%. In
between come countries such as Switzerland and the Scandinavian countries that generate a
level of scientific productivity disproportionate to their size.

(c) Value for money.  Measuring outputs - published papers - relative to spending on basic
science three or four years earlier shows that some countries generate very much more
science than others for every million pounds [dollars] they spend on the science base. The UK
has consistently topped this league table throughout the 1990s, a position it owes to relatively
high productivity combined with relatively low investment. The UK, indeed, is the only
country in which the number of scientific papers published per researcher has increased over
the past decade. This increase may be attributed to in part to the introduction of a funding
formula for universities in which the level of grants to departments depends directly on their
research output. Once again the smaller but highly productive countries such as Switzerland,
Sweden and Denmark perform strongly on the value-for-money measure, while larger
economies, including France, Germany, Italy and Japan, produce less than half as many
scientific papers per million pounds [dollars] invested as the UK.

These comparisons make it clear that increasing investment in basic research will not by itself
buy more science. The interesting question is how to deploy that investment so as to stimulate
scientific creativity. I believe that much of the discrepancy between countries that do best on
the "value for money" measure and those that do least well may be accounted for by
differences in the social and institutional structures within which research is conducted, and
by differences in the basis on which research funds are distributed.
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The UK operates a system of "dual support" for basic science, which features a highly
competitive approach to the allocation of funds for both infrastructure and direct costs. The
direct costs are funded by bodies such as the Research Councils in response to proposals for
future research submitted by individual scientists and subjected to peer review. Funding for
research departments in universities, which provide most of the infrastructure, is weighted by
an evaluation of the recent research performance of each department. 

This competitive focus on excellence appears to generate a higher rate of productivity than
systems in which basic science expenditure is allocated via formulae designed to give fair
shares to all, or where funding depends on seniority rather than good ideas. Research
laboratories in countries that do well on the value-for-money measure are also characterised
by relaxed social structures in which younger people are genuinely free to express their
individual creativity, and are relatively unconstrained by deference to those higher up in the
hierarchy.

(d) An increase in British investment.  The British government under Prime Minister Tony
Blair recognises that the UK cannot hope to secure its place in an increasingly competitive
and technologically advanced world without a real increase in investment in the science base.
Throughout the 1980s and early 1990s UK spending on basic science as a percentage of GDP
remained low in comparison with other scientifically-active nations. Buildings and equipment
were increasingly inadequate to meet the needs of top-class research. A year after his election
in May 1997, Mr Blair declared that "the science base is the absolute bedrock of our
economic performance" and announced an increase in the science budget of 15% in real
terms over the three years from 1999 to 2002. Much of this increase will go towards building
and refurbishing laboratories and providing new equipment. The Wellcome Trust, the UK's
largest medical research charity, has contributed an additional £400 million to the total,
including £100 million to build a new high-intensity synchrotron X-ray source. With over
£300 million of extra government funding also going to the universities each year, the total
increase in spending on the science base over three years amounts to £1.4 billion.

2.  From idea to product

(a) Creating networks.  Britain has a proud heritage of technological innovation: the steam
engine, the jet engine, the hovercraft, as well as vaccination and penicillin, are all associated
with British inventors and scientists. However, there is a common perception, especially
overseas (although not among scientists), that our technological achievements are part of a
once-great past, with contemporary figures contributing little to the cutting edge of design and
technology. Additionally we have a reputation, partly deserved, for failing to capitalise on our
inventions; it is certainly true that American rather than British companies made the most
from the commercial production of penicillin, and a similar story can be told about the jet
engine.
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This view, although widely held even in Britain itself, is increasingly out of date. In some
small specialised areas, such as computer games and Formula 1 racing cars, British designers
and inventors are at the forefront. 

The UK has contributed more than its fair share to the worldwide trade in high-tech products
such as aircraft, computer and communications equipment and pharmaceuticals over the past
decade. It earned around £500 per head of the population from high-tech exports in 1995,
more than the comparable figure for any of the other G7 nations.
This encouraging performance is not reflected across industry as a whole, however, and on
other measures the UK clearly needs to do better. Data on ownership of patents provides an
indication of a country’s capacity for commercial exploitation of advances in basic research.
Relative to GDP, Britain's share of US patents falls well below those of the US, Japan, and
smaller European countries including Sweden, Switzerland and the Netherlands. On
ownership of European patents, again relative to GDP, it is outclassed by Germany, Denmark,
Sweden, Switzerland and the Netherlands.

The British government recognises that investment in the science base will not improve these
figures without additional incentives to encourage collaboration between academic science
and commercial enterprise.  Only recently has the UK systematically undertaken a Foresight
Programme, now into its second five-year cycle.

The programme brings together people from academic, professional and commercial
backgrounds in a series of panels to identify areas of opportunity in future markets.  This
provides, amongst other things, a basis for decisions on research with a strong prospect of
commercial development in the medium to longer term. The reports of the panels feed into
funding decisions made by Research Councils and other bodies, but perhaps more
importantly begin the process of interaction between academics and people from business and
industry. The Foresight process is, indeed, more important than the product.

(b) Encouraging entrepreneurship.  A number of specific incentives take this process further,
while encouraging creative people to take the potentially risky step into business. The
University Challenge scheme has provided £60 million to help innovators in universities to
explore the possibilities for commercial development of their discoveries. The Science
Enterprise Challenge, worth £25 million, will endow up to eight new centres to promote the
commercial development of cutting-edge science through providing infrastructure support for
spin-out companies. The 'reach-out' fund will enhance interactions between universities and
the businesses in their neighbourhoods. And there are proposals for tax-free stock options to
motivate the directors of start-up companies. However, we still have some way to go before
the British business culture applauds risk-takers and recognises that such entrepreneurship
necessarily entails honourable failures as well as successes.
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3.  Science, politics and public trust

(a) Opening up debate.  No plan for the management of scientific creativity and technological
innovation can succeed unless it takes account of the social and cultural context in which
these activities take place. Since the time of the earliest democracies, the problem has been
how to conduct a dialogue between government and people so as to develop public trust in
government decisions.

In an increasingly complicated and technologically-driven society much of this dialogue
concerns issues that demand scientific understanding, or where there is considerable scientific
uncertainty. At the same time in many societies, including Britain, an automatic respect for
authority is rightly being replaced by a greater demand for public consultation.

This trend has been accelerated in Britain by episodes such as the BSE crisis, in which the
risks to human health of an epidemic of brain disease in cattle were initially underestimated
by government ministers and their advisers. Current widespread concern about the health
risks of genetically modified foods undoubtedly owes much to an increased mistrust of
official statements on food safety in general.

In response to this public mood, the Office of Science and Technology has produced a set of
guidelines, The Use of Scientific Advice in Policy Making (http://www.dti.gov.uk/DTI/Pub),
that have wide consultation and openness as central principles. Opening up discussions (in
which the scientific evidence is itself not always clear cut) to participants who are not
scientifically qualified further complicates the decision-making process. We are convinced,
however, that it is the only way to handle difficult questions that arise in areas such as genetic
modification, cloning, and xenotransplantation where large numbers of people could
potentially be directly affected by the technology, and where there are difficult ethical
considerations to take into account. With these principles in mind, we have set up three new
advisory committees, on food safety, human genetics, and agriculture and the environment,
each of which includes non-scientists with expertise in areas such as ethics, law, consumer
protection and the environment as well as those qualified to assess the scientific issues.

(b) A global warning.  The repercussions of advances in science and technology, especially
those emerging from a new understanding of the molecular basis of life, are so far reaching
that they transcend national boundaries. Yet the lack of any international leadership on these
issues has forced national governments to make their own policies, each inevitably swayed by
the culturally dominant belief systems - be they ethical, political, commercial or scientific - in
their own countries. The issue of international trade in genetically modified foods, for
example, has already led to hostile confrontations between supporters and opponents of the
technology.
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Applications of biotechnology in the area of human health could lead to similar conflicts.
Germline therapy, human cloning and xenotransplantation are all within the capabilities of
modern biotechnology, yet each raises questions that need to be tackled through international
debate. Could the use of genetically modified pigs as organ donors pose the risk of a new
pandemic as previously unsuspected viruses spread through the human population? Would
such use accord with the respect for all life - not solely human life - which is such a strong
feature of many Eastern cultures? Should reproductive cloning be allowed, and can scientific
and ethical perspectives from very different Eastern and Western cultural traditions be
combined to reach a consensus on what it means to be human?

I think there is a real need to create international fora in which these matters can be discussed
and guidelines agreed. We already have a model in the Intergovernmental Panel on Climate
Change, which collates the expertise of over 3000 scientists from around 170 countries. This
body has been highly influential in delineating world opinion on climate change, with all its
variety of opinion and uncertainty, providing much of the evidence that persuaded
governments to agree to control emissions of greenhouse gases at Kyoto in December 1997.

A global commercial free-for-all in biotechnology could all too easily lead to the kind of
backlash already experienced by those in the GM food industry. Ultimately the benefits to
human health and economic prosperity, for which scientists in universities have striven so
hard, could be delayed by decades. The UK has already begun to take a lead in asking how
international consultation followed by regulation can ensure that new developments are
introduced in a manner that is broadly acceptable. The OECD conference on the health and
safety aspects of GM foods, which takes place in Edinburgh at the end of February, is a step
in the right direction.

I believe we need to do more to extend such discussions across the range of 21st century
science and technology, so that we can outline international agreements on the broader
questions that are already upon us, and be ready to face questions that will emerge as the
century unfolds. Without preparing the ground in this way, the top-level science and
technological innovation so carefully cultivated by governments may ultimately fail to bear
fruit.
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