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Abstract 

The aim of the Science Foresight Project was to design and assess a simple, objective and cost-
effective technique to gather information about emerging short and long-term research 
developments, primarily in the physical and engineering sciences. International experts were 
objectively chosen using co-citation patterns in scientific and technical literature, and were invited 
to submit their predictions about emerging developments in their research fields. They were 
questioned about how the effects of various factors and driving forces might affect their predictions. 
The cost and time required to administer the questionnaire and collect the responses was 
minimised through the use of Internet and Web based technologies. A simple process was used to 
report the predictions; short excerpts from each prediction were used as the summary and each 
prediction was classified into one of ten categories of emerging developments. Authors from 114 
papers (23.7%) responded, identifying a total of 190 short-term and 111 long-term predicted 
emerging developments. Expert responses were received from an international group of senior 
researchers between the ages of 36 and 55, mostly engaged in basic research in academic 
institutions. Some experts described specific emerging developments, some discussed broad 
emerging trends in their field and others described both. Emerging development categories such 
as Atomic & Stellar Matter, Biology & Biosphere, Biomedical & Clinical, Computers & Robotics and 
Genomics & Proteomics were closely aligned with conventional science areas while other 
categories such as Mathematical & Computational and Nano Science & Technology contained 
predictions from almost every area of science. The technique developed and applied here appears 
to constitute an efficient means of surveying the international research community in order to gain 
insights into common patterns that evolve from their collective research activities. Dynamically 
monitoring emerging research developments on a continuous basis could provide valuable 
information to policy makers, planners and researchers. 
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Executive summary 

The challenge that faced the Science Foresight Project was to design and assess a simple, objective and 
cost-effective technique to gather information about emerging short and long-term research developments, 
primarily in the physical and engineering sciences. International experts were objectively chosen using co-
citation patterns to the scientific and technical literature, and were invited to submit their predictions about 
emerging developments in their research fields. Also, they were asked questions about how various factors 
and driving forces might affect their predictions. The cost and time required to administer the questionnaire 
and collect the responses was minimised through the use of Internet and Web based technologies. A 
concerted effort was made to accurately report the experts’ predictions without judging or criticising them. 
The significance and value of the predictions are left to the reader and the passage of time.  
 
Using ISI’s® 1999 Research Fronts database, 481 highly co-cited papers in unique ISI® research fronts were 
objectively selected using co-citation analysis. One author from each paper was contacted and invited to 
participate in the Science Foresight Project. In addition, he/she was asked to help us contact co-authors of 
the paper so they could be invited to participate in the project too. An Internet and web-based questionnaire, 
that took less than one-person year to develop and administer, was used to collect the predictions. A simple 
process was used to report the predictions. Short excerpts from each prediction were used as the summary, 
and each prediction was classified into one of ten emerging development categories: Atomic & Stellar 
Matter; Biology & Biosphere; Biomedical & Clinical; Chemical & Materials; Computers & Robotics; Genomics 
& Proteomics; Mathematical & Computational; Molecular Matter; Nano Science & Technology; and Optical & 
Quantum. 
 
Authors from 114 papers (23.7%) responded, providing a total of 190 short-term and 111 long-term predicted 
emerging developments. Expert responses were received from an international group of senior researchers 
between the ages of 36 and 55, mostly engaged in basic research in academic institutions. Some experts 
described specific emerging developments, some discussed broad emerging trends in their field and others 
described both. Emerging development categories such as Atomic & Stellar Matter, Biology & Biosphere, 
Biomedical & Clinical, Computers & Robotics and Genomics & Proteomics were closely aligned with 
conventional science areas while other categories such as Mathematical & Computational and Nano Science 
& Technology contained predictions from almost every area of science.  
 
When questioned about factors and driving forces that might affect their predictions the experts were 
optimistic that funding and all types of collaboration would likely increase in their areas of research over the 
next five years. However, they were less optimistic that the number of graduate students would increase. 
Most importantly, they believed that access to postdoctoral fellows, graduate students, improved 
instrumentation and computer algorithms and hardware are important driving forces in achieving their 
predictions. 
 
While no attempt was made to create a general overview of the emerging developments, some common 
overarching patterns seemed to be evolving. For example, emerging developments in Mathematical and 
Computational methods seem to underline progress in many research areas. At the same time, emerging 
developments in the Nano Science & Technology and Optical & Quantum categories hold promise for novel 
advances in computing devices and systems that in turn could profoundly impact mathematical and 
computational methods. Among other things these developments could satisfy an increasing demand in all 
areas of sciences to simulate phenomena from first principles and explore the intricate characteristics of 
dynamic non-linear systems, self-assembly processes and complex mesoscale organisation.  
 
In summary, an objective method for selecting research experts from the international research community 
was designed and tested. The Science Foresight Project produced a low cost, time efficient foresight method 
that can be used in an on-going manner to collect and report, in an unbiased fashion, potential emerging 
research developments. Also, the technique appears to hold promise to efficiently survey the international 
research community to gain insights into common patterns that evolve from their collective research 
activities. Dynamically monitoring emerging research developments on a continuous basis could provide 
valuable information to policy makers, planners and researchers. 
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1 Introduction 

1.1.1 The international science community is a dynamic interconnected family of national 
science communities each entrenched in the global and national systems of innovation. 
Information and developments symbiotically flow among science, technology and the 
economy, blurring the boundaries and shaping the character of each community. 
Generally speaking, information about scientific developments flows relatively freely 
through the international community and, like other fluid and dynamic processes, there 
are pools of emerging stability within an endless current of evolving ideas.  

1.1.2 The challenge that faced the Science Foresight Project was to design and test a simple, 
objective and cost-effective way to scan part of the ever-evolving scientific landscape 
and gather insights about potential emerging short and long-term research 
developments. International experts in the physical and engineering sciences1 were 
objectively chosen using co-citation patterns to the scientific and technical literature, and 
were invited to submit their predictions about emerging developments in their research 
fields. In addition, they were asked questions about how various forces and factors 
might affect their predictions. The cost and time required to administer the questionnaire 
and collect the responses was minimised through the use of Internet and Web based 
technologies. Finally, a concerted effort was made to accurately report the experts’ 
predictions without judging or criticising them. The significance and value of the 
predictions are left to the reader and the passage of time.  

1.1.3 This report discusses the methods used in the Science Foresight Project and how they 
differ from other foresight activities. It describes the objective technique used to select 
the experts that were invited to submit their predictions. The demographic profile of the 
responding experts, the predicted emerging developments and an analysis of the factors 
and forces that might affect the outcome of the predictions are presented in individual 
chapters. Preceding the conclusions is a section that examines some of the difficulties 
that were encountered and makes suggestions about how they might be circumvented 
in future projects.  

1.2 Science Foresight 

1.2.1 Science Foresight is the act of looking forward in an effort to anticipate the nature and 
significance of scientific developments before they occur. Foresight includes qualitative 
and quantitative means for monitoring clues and indicators of evolving trends and is 
closely tied to planning (Coates, 1985). Foresight is not the same as forecasting2, it 
involves monitoring mechanisms to provide early warning of emerging developments 
generally, it is a process rather than a set of techniques (Martin and Irvine, 1989). 
Science, like many social activities, involves large numbers of people and a variety of 
processes that interact in complicated ways. Predictions are fraught with uncertainty and 
history has illustrated time and again that serendipitous happenings can alter the course 
of events in unforeseeable ways. On the other hand recent insights into dynamic 
processes have demonstrated that some reasonably stable patterns can emerge in 
these complex systems. The inherent desire to plan for the future involves foresight and, 

                                                 
1 The choice of the physical and engineering science fields was based on information gathered by DSTL 
from the MOD Technology Strategy - Issue 3; The Strategy for Applied Research 1999-2019 [both 
protectively marked documents] and the MOD Technology Taxonomy Issue 5 (1999). 
2 In conventional forecasting the aim is to arrive at predictions that can be justified scientifically. The 
underlying assumption is that only one future probably exists. On the other hand foresight is a survey of 
alternative futures (Martin and Irvine, 1989). 
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invariably, predictions about emerging patterns of development are created in 
consultation with knowledgeable individuals. In fact, there is overwhelming evidence to 
show that an expert-based approach is more appropriate than traditional field specific 
review panels for assessing emerging interdisciplinary developments (Martin and Irvine, 
1989). 

1.2.2 Science and technology foresight3 has its roots in the 1950s, when technology 
forecasting gained prominence in the United States defence sector and in work by 
consultants such as the Rand Corporation. The general aim of technology foresight was 
to identify emerging technologies likely to yield economic and social benefits (Martin, 
2001; Martin and Johnston, 1999). During the 1990s, technology foresight became 
much more widespread. Japan had been engaging in foresight activities since 19704, 
and there had been some foresight initiatives in France in the early 1980s. Later that 
decade, other countries such as Sweden, Canada and Australia began to experiment 
with foresight. Around 1990, the Netherlands, the United States, Australia, Germany, 
Britain, France and various other countries launched major foresight exercises (Martin, 
2001). Most recent foresight activities have both a science and technology focus with 
the emphasis focused on emerging technology5,6 and its potential impact on the 
economy, the environment and society. 

1.2.3 Even given the uncertainties that surround predictive exercises, the reliability of a 
foresight activity is correlated to the skills and knowledge of the experts that are 
consulted. The approach used in this project differed significantly from other foresight 
activities in: the manner in which the experts were selected, how the predictions were 
collected and the techniques that were used to synthesis the predictions into overall 
patterns of emerging developments. The following sections explore the methods that 
were used for the project and how they differ from conventional foresight activities. 

1.3 Selecting the Experts 

1.3.1 Frequently the experts consulted in foresight activities are nominated or co-nominated7 
by peers from their own research networks. Ordinarily, little or no guidance for selecting 
experts is derived from objective measures. One purpose of this project was to 
determine if a technique could be designed to objectively choose experts from the 
international research community whose research activities could be adjacent to an 
emerging research frontier. Co-citation analysis was the technique used to select 
experts from the international research community. The remainder of this section 
discusses the difficulties of using objective measures to select experts based on 
conventional publication indicators, why co-citation analysis was used and how it was 
used to select the experts for this project.  

                                                 
3 Martin’s (2001) definition of foresight is “the process involved in systematically attempting to look into the 
longer-term future of science, technology, the economy, the environment and society with the aim of 
identifying the emerging generic technologies and the underpinning areas of strategic research likely to yield 
the greatest economic and social benefits”. 
4 Such activities were not normally described in Japan as ‘foresight’ but as ‘forecasting’ or ‘long-term 
strategic planning’ or some other similar terminology. 
5 Foresight is more common in strategic and applied research (Martin and Irvine, 1989). 
6 There have been some science focused foresight activities. For example, in the USA the National 
Research Council did ‘field surveys’ - assessments of individual disciplines and the promising areas within 
them. Beginning in the early 1960s reports on various physical sciences were produced by The National 
Academy of Sciences Committee on Science and Public Policy (COSPUP) (Martin and Irvine, 1989). 
7 Co-nomination is an iterative process. It starts with a list of recommended experts and converges to a list of 
experts who have multiple nominations by different experts. 



 

DSTL/TR01697  3

1.3.2 Conventional publication and citation counts cannot be used for this purpose for a 
variety of reasons. For example, there is no reason to believe that there would be a 
relationship between the number of papers a researcher publishes and his/her 
knowledge about emerging research developments. In fact, it is known that a number of 
researchers have high publication counts merely because their name is included on 
some papers for administrative reasons not because they contributed to the research 
described in the paper (Katz and Martin, 1997). Similarly, while there is evidence to 
show that a recent highly cited paper could impact current research, there is little 
evidence to support the idea that the research described in the paper may be relevant to 
emerging research developments. In addition, citation counts can be misleading due to 
the fact that these counts can be artificially inflated by self-citations8 (Katz and Hicks, 
1997). However, this does not present much difficulty when highly cited papers are used 
because self-citing can only increase the citation counts by a small number. On the 
other hand, co-citation analysis, a technique that uses pairs of papers that are cited 
together, is used to group papers into evolving research fronts, which are more closely 
aligned to emerging research developments (Small 1999). The authors of papers in 
research fronts were used as the experts in this study.   

1.3.3 In 1973 Small and Marshakova independently proposed using co-cited papers as the 
building blocks for mapping science. Co-cited papers are two papers that are cited 
together by a third paper. For nearly thirty years the characteristics of co-cited papers 
have been investigated and these papers have been effectively used to visualise the 
structure of scientific networks and emerging research fronts (Small, 1999). The Institute 
for Scientific Information® (ISI®) uses co-citation techniques to cluster related papers into 
evolving research fronts for use with their database products e.g. SCISearch9. ISI® 
claims that clustering co-cited documents into research fronts is a dynamic, self-
generating, objective classification system. They say10:  

Co-citation occurs when two publications are cited by a third, later publication. 
The greater the frequency of co-citation of a given pair, the greater the 
likelihood that it defines an established or emerging topic or subspecialty. The 
citation pair can be used in a citation index search to retrieve related 
publications. One pair can usually identify a small research front, but active 
research fronts generally involve several interrelated co-citation pairs. The 
larger the number of pairs included in a cluster, the broader the scope. 
 

1.3.4 ISI® produces a commercially available Research Fronts database11 and the 1999 
version was used as the data source for this project. This database contains 
bibliographic details for 160,964 publications selected from 15,467,671 documents 
indexed in the ISI® databases between 1985 and 1999. These publications were co-
cited by 636,447 research papers published in 1999. ISI® described this database as 
follows: 

The 1999 Research Fronts Database from ISI® contains bibliographic and 
citation information on 20,000 clusters of related research papers. These 
clusters of papers, which ISI® calls research fronts, are identified using co-

                                                 
8 This is a process whereby an author or his/her colleagues cite the author’s past research publications 
excessively thereby inflating the citation counts. 
9 SCISearch® is an international, multidisciplinary index to the literature of science, technology, biomedicine, 
and related disciplines produced by the Institute for Scientific Information® (ISI®). SCISearch contains all of 
the records published in the Science Citation Index® (SCI®), plus additional records from the Current 
Contents® publications. 
10 http://www.isinet.com/isi/hot/essays/citationanalysis/11.html  
11 See http://www.isinet.com/isi/products/rsg/products/rf/index.html   
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citation analysis. This method establishes subject similarity among documents 
by finding pairs of papers, cited above a minimum threshold (6 times), that are 
often cited together by other research papers during 1999. An iterative process 
of tabulating co-cited papers generates groupings of papers on the same 
theme. 
 

1.3.5 Small (1999) gives the details of the technique that was used to cluster co-cited papers 
into research fronts. Since only highly cited papers are used as the source for co-cited 
papers they are relatively immune to self-citation difficulties12.  

1.3.6 Experts were chosen for this study from the Research Fronts database using the 
method described in Annex A. Essentially, the most highly cited papers from carefully 
selected research fronts were used, the authors of these papers were considered 
experts for the purpose of this study and were invited to make predictions of short and 
long-term emerging developments in their research fields. More specifically, the 
research fronts were analysed to determine their relevance to sixty-six physical and 
engineering science fields used in this study. Next, the largest research fronts i.e. the 
clusters with the largest number of co-cited papers and therefore the clusters with the 
broadest research scope were chosen. The number of research fronts that were chosen 
to represent a field depended on the size of field13. Finally, the most highly cited paper 
from each research front was selected. In total 48114 papers listing 2120 authors were 
chosen for use in the Science Foresight Project.  

1.3.7 The authors of the co-cited papers, called ‘experts’ for the purpose of this study, were 
asked to act as spokespeople for others in their research community. An author was 
chosen because his/her name appeared on a highly cited, co-cited paper that occurred 
in a cluster of a large number of papers on a similar research theme. Authors were not 
chosen because their paper necessarily contained a research finding that was in an 
emerging research frontier, but rather because their research findings may be used in 
an emerging research frontier. Since their work had a significant impact on their 
community it is likely these authors may be aware of significant research progress in 
their field and have a sense of emerging research developments.   

1.3.8 This objective selection process produced responses from senior people (e.g. Institute 
director, department head or group manager) in the international research community 
between the ages of 36 and 55 engaged mostly in basic research. They resided 
primarily at academic institutions and most of them have spent between 11 and 30 years 
in their field of research (see Section 0 - Demographic profile of Research Experts). 
Furthermore, most of the respondents work at major national and international facilities 
such as CERN, NASA, Rutherford Appleton Labs, Max Planck Institutes, University of 
Oxford, Harvard University, etc.  

1.4 Inviting the Experts to participate 

1.4.1 The names and addresses of the experts who were invited to participate in the study 
were derived from the authors named on the 481 highly co-cited research papers 
selected from the Research Fronts database. In total 2120 authors were listed on these 
papers giving an average of approximately 4 authors per paper. 

                                                 
12 Personal communication with Henry Small at ISI® confirmed the fact that co-cited papers are relatively 
immune from self-citation problems. 
13 The size of a field was measured using the number of publications in the field index in the database. 
14 In fact 483 papers were identified but two of these papers listed more than 121 and 201 authors, 
respectively. It was felt that this might have contributed to the high citation counts for these papers and they 
were removed from the study. 
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1.4.2 ISI® does not provide a way to accurately link the names of the authors of a paper 
indexed in their database to the institutional addresses listed on the paper. Also, there is 
no way to know which author of a paper is the senior author (Katz and Martin, 1997). 
The order in which names appear on a paper is a matter of social convention and can 
vary from discipline to discipline and from institution to institution. However, with nearly 
100% certainty, the first author named on a paper was found to reside at the first 
institution listed in the database. The first author from each selected paper was chosen 
as the primary contact expert.  

1.4.3 The contact addresses of these experts were verified primarily using internet-based 
resources. If the contact details could not be verified then an effort was made to 
determine the contact details for any other author listed on the paper. A letter (see 
Annex B) was mailed to each expert inviting them and their co-authors to participate in 
the study. Included with the letter was the bibliographic detail of the paper that was used 
to select them. Each expert was asked to solicit the participation of the other authors of 
the paper. In order to facilitate their co-operation in contacting the other authors, experts 
were asked to go to the project web site and request, in a secure manner, that an 
electronic version of the letter of invitation be sent by email to the email addresses 
supplied by them. 

1.4.4 Addresses for authors named on 424 of 481 papers were located with nearly 100% 
certainty. Of the remaining 57 papers, the authors of two papers were deceased, the 
addresses of 30 authors were identified but not confirmed and the addresses for authors 
on 25 papers could not be determined using Internet resources. Some of the 30 authors 
whose addresses were identified but not confirmed were affiliated with private sector 
companies. Many of these companies have a confidentiality policy that prevents them 
from confirming that the author is affiliated with their institution. We assumed that the 
authors listed the correct institutional addresses on the published papers. Although our 
confidence level for the mailing addresses for 55 papers was lower than for the 424 
confirmed addresses we mailed an invitation to these authors too.  

1.5 Administering the Questionnaire 

1.5.1 Included in the invitation letter to each expert was a username and password that gave 
them access to the secure area of the Science Foresight Project web site containing a 
questionnaire. The questionnaire (see Annex C) was prepared in Adobe Acrobat forms 
format so that experts could answer it on-line using any popular web browser equipped 
with a recent version of Acrobat Reader. An Acrobat form was used to ensure that only 
invited experts could submit a response. Once the questionnaire had been filled in it was 
electronically submitted to the project web site and stored for later analysis. To the best 
of our knowledge this is the first time that an international science foresight exercise has 
used Internet and web based methods to administer a questionnaire and collect the 
responses.  

1.5.2 The questionnaire was divided into the four general sections listed below:  

1. Background information - General questions including current contact details, 
current employer and research interests;  

2. Emerging developments in science - A section that collected brief descriptions of 
up to two emerging short and one long-term development in the expert's area of 
research. Each description was followed by a multiple choice question to 
determine areas of potential technological spin-offs; 
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3. Factors affecting developments - A section with seven multiple choice questions to 
determine how other factors such as funding and collaboration are likely to affect 
the emerging developments; 

4. The driving forces in science - A section with fourteen ranking questions to 
determine how specific driving forces, such as availability of resources and 
developments in instrumentation, are likely to affect the emerging developments. 

 

1.5.3 On April 17, 2001 a letter was sent to 481 authors inviting them to participate in the 
Science Foresight Project. On April 27 a follow-up email was sent to 414 authors for 
whom an email address had been previously determined. In addition to reiterating the 
invitation the author was asked to send an email to the project manager if they 
couldn’t/didn’t wish to participate in the project. Also, they were asked to provide the 
email address of another co-author if they were not going to participate. 86 reminders 
were sent by post on May 8 to individuals for whom we did not have an email address, 
and to individuals whose email addresses were determined to be invalid from the follow-
up email. On May 28 invitations were sent to 25 co-authors of papers for which the 
contact authors declined to participate in the project. A final email reminder was sent to 
245 authors indicating that the final date for submitting a completed questionnaire would 
be June 30, 2001. 

1.5.4 At the close of the project 127 questionnaires had been received. 5 questionnaires were 
incorrectly or incompletely filled out and could not be used in the analysis. 114 
questionnaires were received from the initial contact authors. This equates to 23.7% of 
the 481 physical science and engineering papers are represented in the project 
questionnaire responses. 8 questionnaires were received from co-authors. The low 
response rate from co-authors was attributable to the fact that most co-authors 
considered a response from another author as representative of their thinking too. In 
other words, the 122 useable responses were from experts who spoke on behalf of 
approximately 500 experts15 as well as the broader citing community that acknowledged 
the impact of their research. The response rates in this project compares favourably with 
the 1993 UK Technology Foresight Programme16 during which a Delphi questionnaire 
that was sent to 8,384 individuals in UK industry and 2,585 (31%) responses were 
received. 

1.6 Synthesising Visions of the Future 

1.6.1 Many foresight exercises collect and synthesise their visions of the future using the 
Delphi method. While there are other methods, this one has gained considerable 
popularity. It is one of the methods that was used in the UK Technology Foresight 
exercise. The Delphi method was developed at the RAND Corporation in 1953 to 
address military issues (Helmer, 1983). It is based on a structured process for collecting 
and distilling knowledge from a group of experts using a series of questionnaires 
intermingled with controlled opinion feedback (Adler and Ziglio, 1996). 

1.6.2 The commonly recognised difficulties with the Delphi method range from - monitors 
imposing their views on the experts (by over specifying the structure of the 
questionnaire), poor techniques of summarising and presenting the group responses 
and ignoring disagreements (resulting in discouraged dissenters dropping out thus 
creating an artificial consensus) (Linstone and Turoff, 1975). Also, the Delphi method 
can be a costly and time-consuming process that requires a lot of effort to administer. 

                                                 
15 Of a total of 2120 authors named on the 481 papers. 
16 See http://www.foresight.gov.uk/servlet/DocViewer/ver=386/index.htm#contents 
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The Health & Life Sciences panel from the UK Technology Foresight study noted,17  

The Delphi survey had a high profile throughout the planning and execution of 
the Foresight Programme, but the survey results proved no more useful than 
those from other methods of consultation. The results are broadly consistent 
with those from other methods, though usually, despite the quantitative nature 
of the survey, only quite general inference can be drawn.  
 

And the Royal Society commented18: 

“In any future Technology Foresight (TF) exercise, we strongly support the use 
of structured workshops and similar forms of consultation but recommend that 
the Delphi technique, as used this time, be abandoned.” 
 

1.6.3 A goal of the Science Foresight Project was to explore the possibility of developing a 
low-cost, easy to administer Foresight process that could be repeated in an on-going 
fashion so that information about emerging developments could be collected in an on-
going and regular manner. In fact, using Internet and web based methods the Science 
Foresight Project questionnaire was administered by one person in consultation with a 
few other resources and from start to finish the project took less than one-person year to 
complete.  

1.6.4 Given the problems associated with conventional foresight methods such as the Delphi 
method, an interesting question that had to be answered was how to collate the expert 
predictions into visions of the future. Furthermore the predictions ranged from details 
about specific developments in niche areas to broad views of emerging trends across 
research fields. We felt it was important to reflect to the reader the wide breadth and 
depth of the predictions.  

1.6.5 A simple approach was adopted. Each expert was invited to describe one or two short-
term (i.e. within the next five years) and one long-term (i.e. within the next five to ten 
years) prediction using no more than 300 words for each prediction. One or two 
sentences that appeared to summarise the main thrust of each prediction were 
extracted. In a few instances a summary had to be tailored; however, as many of the 
author’s original words as possible were used in the summary. The summaries were 
grouped into ten categories having a common theme and tabulated. Every attempt was 
made to accurately report an expert’s original prediction using their words. No attempt 
was made to judge, criticise or interpret a predicted emerging development. This task is 
left strictly to the reader. 

1.7 Summary 

1.7.1 Authors of 481 physical and engineering science papers that were objectively selected 
using co-citation analysis from ISI’s® 1999 Research Fronts database were invited to 
describe short and long-term emerging developments in their fields of research. An 
Internet and web-based questionnaire that took less than one-person year to develop 
and administer was used to collect the predictions. A simple process was used to report 
the predictions. Short excerpts from each prediction were used as the summary. They 
were classified and tabulated into one of ten common themes. The significance and 
value of the predictions are left to the reader. 

                                                 
17 See http://www.foresight.gov.uk/servlet/DocViewer/ver=386/29_1.htm 
18 See http://www.royalsoc.ac.uk/files/statfiles/document-92.pdf 
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2 Demographic profile of Research Experts 

2.1 This chapter provides a demographic profile of the experts who answered the Science 
Foresight Project questionnaire. Invitation letters were sent to one author from each of 
the 481 highly co-cited papers selected using the method described in the Appendix B. 
Questionnaires were completed by 119 authors. In other words, at least one expert from 
about 25% of the selected papers responded to the invitation to participate in the 
project. In addition, these authors provided contact details for 71 co-authors and 8 more 
responses were received from the co-authors. In total 127 questionnaires were received, 
5 of these were completed incorrectly, resulting in a total 122 useable questionnaires.  

2.2 Country of Residence 

2.2.1 Table 2.1 lists the number of responses and the percentage of the total responses that 
were received from experts residing in various countries. The final column in the table 
gives the number of responses per 10,000 papers published in 1998 by each country as 
recorded in ISI’s 1981-1998 National Science Indicators (NSI) on Diskette for the ten 
countries with the most responses. 

Table 2.1 - Responses by Country of Residence 

Country Responses % Total NSI Ratio 
USA 45 36.9 0.12 
Germany 15 12.3 0.19 
UK 10 8.2 0.11 
Canada 7 5.7 0.14 
France 6 4.9 0.10 
Spain 6 4.9 0.33 
Japan 5 4.1 0.06 
Australia 4 3.3 0.16 
Italy 4 3.3 0.13 
Switzerland 3 2.5 0.19 
Denmark 2 1.6  
Greece 2 1.6  
Poland 2 1.6  
Sweden 2 1.6  
Belgium 1 0.8  
Croatia 1 0.8  
Hong Kong 1 0.8  
Iceland 1 0.8  
India 1 0.8  
Ireland 1 0.8  
Israel 1 0.8  
Netherlands 1 0.8  
Portugal 1 0.8  

 
 
2.2.2 The distribution of the number of responses by country closely parallels the size of the 

national science systems measured using the number of papers published in 1998 as an 
indicator of size. Japan and Spain are the two most notable outliers. The under 
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representation of Japanese experts could reflect a language problem since all 
correspondence was in English. 

 

2.3 Research Area 

2.3.1 Table 2.2 gives the number of responses in descending order by research area. 

Table 2.2 - Responses by Discipline 
Research Area Responses % Total 
Physics 30 24.6 
Chemistry 23 18.9 
Engineering 16 13.1 
Biomedical 15 12.3 
Materials Science 15 12.3 
Biology 5 4.1 
Computer Science 5 4.1 
Other 5 4.1 
Astronomy 2 1.6 
Clinical Medicine 2 1.6 
Earth & Space Science 2 1.6 
Mathematics 2 1.6 

 
2.3.2 The Science Foresight Project focused on identifying emerging developments primarily 

in the physical and engineering sciences. Responses from experts in the physical and 
engineering science research areas (astronomy, chemistry, computer science, earth & 
space science, engineering, materials science, mathematics and physics) represented 
78% of the responses.  

2.4 Research Type 

2.4.1 Table 2.3 gives the number of responses that were received from experts according to 
their type of research.  

Table 2.3 - Responses by Research Type 

Research Type Responses % Total 
Basic 77 63.1 
Applied 28 23.0 
Strategic 16 13.1 
Unknown 1 0.8 

 
 
2.5 Research Organisation 

2.5.1 Table 2.4 presents the number of responses received from experts according to the type 
of research organisation in which they are working. 
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Table 2.4 - Responses by Research Organisation 

Research Organisation Responses 
% 

Total
Academic 89 73.0
Government department or agency 12 9.8 
Science based company 8 6.6 
Other 6 4.9 
Industrial association 4 3.3 
National Academy of Science 3 2.5 

 

2.5.2 The majority of the experts who answered the questionnaire worked in an academic 
institution. Approximately 10% of the responses were industry researchers working in 
science-based companies and industry associations. In 1994 approximately 65% of UK 
papers involved a researcher from an educational institution and about 27% involved a 
researcher from a medical school or institution (Katz and Hicks, 1997). Since no 
distinction was made between educational and medical institutions in this study it seems 
reasonable that 73% of the responses would be received from researchers in academic 
institutions including researchers in medical schools attached to universities. 

2.6 Research Position 

2.6.1 Table 2.5 provides a list of the number of responses that were received from 
researchers in various position within their research organisation 

Table 2.5 - Responses by Research Position 

Position Responses 
% 
Total

Professor 76 62.3
Senior Scientist 27 22.1
Scientist 9 7.4
Lecturer 6 4.9
Other 4 3.3

 
2.6.2 The great majority (84%) of the experts occupied a senior position in their organisation. 

2.7 Age Distribution and Years in the Field 

2.7.1 Table 2.6 and Table 2.7 show the age distribution of the experts and the number of 
years that they have been in their field of research.  
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Table 2.6 - Age Distribution 

Age Responses % Total 
Unknown 1 0.8 
26-30 2 1.6 
31-35 6 4.9 
36-40 21 17.2 
41-45 19 15.6 
46-50 20 16.4 
51-55 26 21.3 
56-60 13 10.7 
61-65 12 9.8 
Over 65 2 1.6 

 

Table 2.7 - Years in the Research Field 

Years in 
Field Responses % Total 
1-5 2 1.6 
6-10 15 12.3 
11-15 26 21.3 
16-20 20 16.4 
21-25 22 18.0 
26-30 18 14.8 
31-35 10 8.2 
36-40 8 6.6 
over 41 1 0.8 

 
2.7.2 70% of the respondents were between the age of 36 and 55 years and 71% of them 

have spent from 11 to 30 years in their field of research. 

2.8 Summary of Demographic Profile of the Experts 

2.8.1 Responses were received from an internationally distributed group of research experts. 
The majority of these experts are senior people between the ages of 36 and 55 engaged 
mostly in basic physical and engineering science research. They reside primarily in 
academic institutions and most of them have spent between 11 and 30 years in their 
field of research. 

3 Emerging Developments in Science 

3.1 Introduction 

3.1.1 This chapter explores emerging developments predicted by experts. Firstly the manner 
in which the predictions were summarised and categorised is examined. In order to 
make the emerging developments more comprehensible each prediction was assigned 
to a category of emerging development. We then show how traditionally defined 
research fields (such as physics and chemistry) are related to the emerging 
developments categories defined in the report. Finally, a detailed overview of each 
category of emerging development is given, including tables listing short and long-term 
predictions supplied by the experts and potential areas of technology spin-offs. 
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3.1.2 In the Science Foresight Questionnaire experts were asked to make one or two short-
term and one long-term prediction that described the most significant emerging 
developments in their areas of research. A short-term prediction was defined as one that 
might occur within the next five years and a long-term prediction was defined as one that 
might occur within five to ten years. Also, the expert was asked to select the technology 
sectors from a list of 24 sectors that might benefit from spin-offs from their predicted 
emerging developments.  

3.1.3 Of the 122 respondents who answered the questionnaire 118 (97%) provided one short-
term prediction, 72 respondents (61%) provided two short-term predictions and 111 
respondents (94%) offered a long-term prediction. In total this produced 190 short-term 
predictions and 111 long-term predictions.  

3.2 Emerging development in science summaries and categories 

3.2.1 This section describes how the predicted emerging developments were summarised. 
Every attempt was made to accurately report an expert’s original prediction. No attempt 
has been made to judge, criticise or interpret a predicted emerging development. The 
predictions cover a wide range of science and engineering fields. A general overview 
has not been synthesised from the predictions. This would have required assistance 
from a group of individuals with extensive knowledge in a variety of research areas and 
access to these skilled individuals was not available in this demonstration project. (See 
Section 6 Observations and Recommendations). It is left up to the readers to explore the 
prediction summaries of particular interest to themselves.  

3.2.2 Ten categories of emerging developments were derived from all of the predictions. Each 
emerging development predicted by an expert was summarised and placed into one of 
the categories. Examples of the category definitions and descriptions of how the 
predictions were categorised are given. Most of the predictions were rich in detail. Some 
experts focused on specific developments, some presented a broad view of emerging 
trends and others blended both approaches. The following three examples of long-term 
predictions made by physicists doing research in different fields illustrate the nature, 
detail and richness of the responses that were submitted. These responses were 
derived from Section 2 of the Questionnaire: Describe in a few sentences one significant 
developments that you think will emerge in your research area beyond the next five to 
ten years.  

1. “In the long-term scale, hydrides will become a safe and efficient method for 
hydrogen storage, enabling the transition into the developed hydrogen economy. 
Especially in transportation, a combination of fuel cell (or hydrogen combustion 
engine) with hydrogen supply from on-board solid-state storage will develop into a 
new generation of cars, independent from gasoline. Also, stationary fuel cell 
systems will be developed in connection with solid-state hydrogen storage, 
avoiding high-pressure hydrogen storage.” (Solid-state physicist) 

2.  “Granular materials: this area at the interface between condensed matter physics 
and mechanical & chemical engineering is currently seeing an influx of advanced 
imaging and analysis techniques (x-ray tomography, Magnetic Resonance 
Imagery (MRI), fast video, capacitance spectroscopy etc), coupled with creative 
new simulation approaches. Consequently, major breakthroughs can be expected 
in our understanding of the behaviour of systems that are highly non-linear, 
dissipative, and far from equilibrium.” (Condensed matter physicist) 

3. “To systematically investigate the many-particle collision dynamics and multi-
fragmentation processes in kinematically complete experiments in different areas 
of atomic and molecular physics with so far unprecedented momentum resolution. 
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To investigate selected local properties (e.g. the asymptotic regime) of correlated 
many-particle wave functions where even highest resolution spectroscopy is 
insensitive. To develop and improve innovative, beyond state-of-the-art high-
resolution imaging techniques for the investigation of atomic and molecular multi-
fragmentation processes in gas phase and to explore first applications of these 
multi-fragment imaging techniques in surface analysis. An increase in detection 
efficiency by many orders of magnitude is achieved compared to conventional 
multi-coincidence methods providing even better momentum resolution. Thus a 
Dynamics Microscope is developed which visualises the correlated many-particle 
dynamics on the subatomic level. To establish these novel high-tech visualisation 
methods in a broad area of atomic and molecular physics research and explore its 
potential for investigations in related areas of basic research in surface and 
plasma physics, in chemistry and biology at universities or research centres as 
well as for applications by high-tech industry.” (Experimental atomic and molecular 
physicist) 

 
3.2.3 One or two sentences that appeared to summarise the main focus of the each prediction 

were extracted and the summaries were grouped into emerging development categories 
having a common theme. As many of the author’s original words as possible were used 
in the summary. Occasionally, it was necessary to use an expert’s research area and 
field to help categorise a prediction. Table 3.1 gives the definitions for the emerging 
development categories used to classify each prediction. 

Table 3.1 - Emerging development category definitions 

Emerging Development 
Category 

Definition 

Atomic & Stellar Matter  Theoretical and experimental advances that lead to a 
deeper understanding of the structure, behaviour and 
dynamics of atomic and stellar matter. 

Biology & Biosphere  Theoretical and experimental advances that lead to a 
deeper understanding of the structure, behaviour and 
dynamics of biological, ecological and environmental 
systems. 

Biomedical & Clinical  Theoretical and experimental advances that lead to 
advances in medicine and medical devices. 

Chemical & Materials  Theoretical and experimental advances that lead to a 
deeper understanding of the structure, behaviour, 
dynamics and synthesis of chemicals and materials. 

Computers & Robotics Theoretical and experimental advances that lead to novel 
robotic and computing devices, systems and networks 
excluding devices, systems and networks built on optical 
and quantum principles. 

Genomics & Proteomics  Theoretical and experimental advances derived from the 
investigation of gene expression and protein genomics. 

Mathematical & 
Computational  

Advances in such things as modelling and numerical 
analysis through the development of mathematical and 
computational methods. 

Molecular Matter  Theoretical and experimental advances that lead to a 
deeper understanding of the structure, behaviour and 
dynamics of molecular matter. 
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Emerging Development 
Category 

Definition 

Nano Science & Technology  Theoretical and experimental advances that lead to a 
deeper understanding of the construction, use and control 
of nano-scale devices. 

Optical & Quantum  Theoretical and experimental advances that lead to the 
construction and control of devices and systems based 
on optical and quantum processes e.g. optical and 
quantum computers. 

 

 

3.2.4 By way of illustration, categories and summaries for the three examples given in section 
3.2.2. are shown below: 

1. Chemical & 
Materials 

Hydrides will become a safe and efficient method for 
hydrogen storage and stationary fuel cell systems will be 
developed in connection with solid-state hydrogen 
storage, avoiding high-pressure hydrogen storage. 

2. Molecular 
Matter 

Granular materials, the interface between condensed 
matter physics and mechanical & chemical engineering, 
has an influx of advanced imaging, analysis and 
simulation techniques. This could improve our 
understanding of non-linear, dissipative systems. 

3. Atomic & Stellar 
Matter 

Establish novel visualisation methods (a "dynamics 
microscope") in a broad area of atomic and molecular 
physics and explore its potential for investigating 
related areas of basic physics, chemistry and biology 
research and novel applications in industry. 

3.2.5 Table 3.2 gives the number of short and long term predictions that were categorised into 
each emerging development category. 

Table 3.2 - Number of predictions in emerging development categories 

Emerging Development Category 
Short-Term 
Predictions 

Long-Term 
Predictions 

Atomic & Stellar Matter 17 (9%) 11 (10%) 
Biology & Biosphere 5 (3%) 5 (5%) 
Biomedical & Clinical 32 (17%) 17 (15%) 
Chemical & Materials 32 (17%) 20 (18%) 
Computers & Robotics 8 (4%) 4 (4%) 
Genomics & Proteomics 7 (4%) 5 (5%) 
Mathematical & Computational 25 (13%) 11 (10%) 
Molecular Matter 20 (11%) 12 (11%) 
Nano Science & Technology 21 (11%) 12 (11%) 
Optical & Quantum 23 (12%) 14 (13%) 
Total 190 111 

 
3.2.6 The largest number of short-term predictions occurred in the Biomedical & Clinical and 

Chemical & Materials categories. They both accounted for 17% of the total. The fewest 
predictions occurred in the Biology & Biosphere category accounting for approximately 
3% of the total number of predictions. The largest number of long-term predictions 
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occurred in the Chemical & Materials category and the smallest number was in the 
Computers & Robotics category. The relatively few predictions in Biology & Biosphere 
and Genomics & Proteomics is related to the fact that this study focused primarily on 
research developments in the physical and engineering sciences and not in the life 
sciences. 

3.2.7 In summary, minimal changes were made to the extracted portions from each expert’s 
prediction to ensure that the summary accurately reported the original prediction. Each 
of the 190 short-term and 111 long-term predictions was assigned to one of ten 
emerging developments categories. An overview of each emerging developments 
category with tables of summaries will be presented in Section 3.4. 

3.3 Research areas and emerging development categories 

3.3.1 It is not uncommon for a science foresight activity to contain its visions of the future 
within the confines of traditionally accepted areas such as physics, chemistry and 
engineering. As was previously discussed the approach adopted in this foresight project 
was to group emerging developments into common themes without regard to research 
area. This approach shows how some emerging development categories are more 
multidisciplinary than others. 

 
3.3.2 Table 3.3 illustrates the relationship between traditional research areas and the 

emerging development categories. The table lists the research areas of the experts who 
made at least one short-term or long-term prediction in a given emerging development 
category. 

 

Table 3.3 - Research areas and emerging development categories 

Research Area Emerging Development  
Category Short Term Long Term 

Atomic & Stellar Physics Astronomy Astronomy 
 Physics Physics 
Biology & Biosphere Biology Biology 
 Earth & Space 

Science 
Earth & Space Science 

 Environmental 
Science 

Environmental Science 

Biomedical & Clinical Biology Biology 
 Biomedical Biomedical 
 Chemistry Chemistry 
 Clinical Medicine Clinical Medicine 
 Engineering Engineering 
Chemical & Materials Biology Chemistry 
 Biomedical Engineering 
 Chemistry Materials Science 
 Materials Science Physics 
Computers & Robotics Biology Computer Science 
 Computer Science Engineering 
 Engineering  
 Library & Information 

Sciences 
Library & Information 
Sciences 
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Research Area Emerging Development  
Category Short Term Long Term 

Genomics & Proteomics Biology Biology 
 Biomedical Biomedical 
 Materials Science Chemistry 
  Materials Science 
Mathematical & Computational Astronomy Astronomy 
 Biology Chemistry 
 Biomedical Computer Science 
 Chemistry Engineering 
 Computer Science Materials Science 
 Engineering Mathematics 
 Materials Science Physics 
 Mathematics  
 Physics  
Molecular Matter Biophysics Biomedical 
 Chemistry Chemistry 
 Engineering Engineering 
 Materials Science Materials Science 
 Physics Physics 
Nano Science & Technology Chemistry Biomedical 
 Engineering Biophysics 
 Materials Science Chemistry 
 Physics Engineering 
  Materials Science 
  Physics 
Optical & Quantum Earth & Space 

Science 
Computer Science 

 Engineering Engineering 
 Materials Science Materials Science 
 Physics Physics 

 

3.3.3 Some emerging development categories are closely aligned with traditional research 
areas. For example, physicists and astronomers were the only contributors to the Atomic 
& Stellar Matter category. A similar but not as distinct trend can be seen in the Biology & 
Biosphere, Biomedical & Clinical, Computers & Robotics and Genomics & Proteomics 
categories. Conversely other categories contain predictions from experts in a diverse set 
of research areas. For example, at least one expert from most of the reported research 
fields contributed a prediction to the Mathematical & Computational and the Nano 
Science & Technology categories suggesting that emerging developments in these 
categories may have a broad impact. 

3.4 Summaries of emerging developments in science 

3.4.1 The following sections provide an overview and summary tables of the short-term and 
long term-predictions for each emerging development category. The categories are 
presented in alphabetical order. The short-term and long-term summary tables give the 
expert’s identification number; the research area; the research field as reported by the 
expert themselves and a summary of the predicted emerging development. No attempt 
has been made to interpret or judge any of the predictions. The objective of the overview 
that precedes each summary table is to collate some of the predictions into a coherent 
form so that the reader can sense the scope, diversity and general impact of the 
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predicted emerging developments.  

3.4.2 Atomic & Stellar Matter 

3.4.2.1 In the short-term (Table 3.4) researchers are predicting advances in their understanding 
of neutrino masses and their ability to predict the properties of dark and visible galactic 
matter. They will be able to make more accurate determination of cosmological 
constants and better delineation of the properties of Quark-Gluon Plasma. New 
techniques may emerge to observe the dynamics of many particle systems and improve 
their ability to precisely measure the states and properties of quantum systems. This 
could lead to a deeper understanding of quantum mechanical coherence and 
entanglement. The next generation of ground based Cerenkov telescopes will produce 
major developments in gamma-ray radio astronomy. A new experimental technique, fast 
beams from fragmentation, will increase their ability to do more serious experiments with 
weak radioactive beams.  

 

Table 3.4 - Short-Term Atomic & Stellar Matter Predictions 

ID Area Field Prediction 
24 Astronomy Cosmology Accurate determinations of the values of the 

cosmological parameters will be obtained. 
   Predict reliably properties of dark matter, galaxies and 

other visible material in the universe. 
63 Physics Astrophysics The next generation of ground-based atmospheric 

Cerenkov telescopes will be a major development in the 
field of gamma-ray astronomy. 

106  Atomic Physics Significant progress in the understanding the dynamical 
electron correlation in atoms, molecules and solids; 
methods to observe the dynamics of many charged 
particles; all leading to improvements of quantum 
mechanical theory. 

49  Experimental 
Atomic & 
Molecular 
Physics 

Many particle reaction microscope and imaging of 
dynamical processes. 

   Investigation of correlated dynamics between electrons 
and nuclei in atoms and molecules at attosec time scale. 
Explore the long-range part of the correlated wave 
function to understand the basics of quantum 
mechanical coherence and entanglement. 

44  Fluid Dynamics High-resolution measurements of cosmic microwave 
background anisotropy and the creation of catalogues of 
the large-scale structure of the universe, including 
galaxy and cluster correlation data. 

3  High Energy 
Physics 

Deconfinement of colour in Quantum Chromodynamics. 
The challenge will be to compare theoretical 
expectations with the observations of the events 
produced by scattering heavy nuclei at high energy to 
produce a Quark Gluon Plasma (QGP). 
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ID Area Field Prediction 
   Understanding of neutrino mass. Experiments have 

shown that neutrinos can oscillate between different 
species implying that their masses are different from 
zero. This could open a new window on the "Standard 
Model" which is theoretically unsatisfactory. 

40  High Energy 
Physics-
Elementary 
Particles 

Fast position-sensitive large area detectors for charged 
elementary particles. 

95  Nuclear Physics The delineation of the properties of the Quark-Gluon 
Plasma (QGP). 

101   Better basic theory with more predictive power. Linked 
to the experimental progress there will be progress in 
theory, both in the area of structure and reactions. 

   New experimental tool: Fast beams from fragmentation. 
We have learned to do serious experiments with weak 
radioactive beams. Post-acceleration technique, while 
important for nuclear astrophysics, lacks sensitivity to 
make it competitive in other areas. 

82  Optical Physics Significant advances in dealing with entangled quantum 
state. By working with new, more easily isolated 
systems (possibly quantum dots or other 
microstructures) such states will become longer-lived 
and thus easier to study. 

88   Emergence of new quantum measurement techniques 
for measuring precisely the states and properties of 
quantum systems. These might include single-photon 
counters having perfect efficiency and the ability to 
resolve different integer numbers of photons. 

50  Plasma Physics Gain more insights into other fields (e.g. solid state 
physics) from the special property that microparticles in 
a plasma can be observed on the most fundamental 
level, the kinetic level, providing more understanding of 
dynamical processes. 

72  Plasma Physics Tokamak fusion plasmas with controlled current density 
profiles providing enhanced Magentohydrodynamic 
(MHD) stability and enhanced energy confinement. 

 

3.4.2.2 In the long-term (Table 3.5) the experts consulted believe there is a chance that the 
nature of dark matter will be understood, there will be a closer reconciliation of general 
relativity and quantum theory and they will have a quantitative understanding of Quark-
Gluon Plasma (QGP). New instruments such as the Gamma ray Large Area Space 
Telescope (GLAST) and radioactive beam factories will provide novel ways to probe the 
galaxies and the limits of nuclear structure and stability. Improved high resolution 
imaging methods with increased detection efficiencies may produce a “dynamics 
microscope” for visualising correlated many-particle dynamics on the subatomic level.  
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Table 3.5 - Long-Term Atomic & Stellar Matter Predictions 

ID Area Field Prediction 
24 Astronomy Cosmology The identity of the dark matter may well be ascertained 

within the next 10 years. 
63 Physics Astrophysics A significant long-term development will be the launch of 

the next generation of satellite gamma-ray observatories, 
including the Gamma-ray Large Area Space Telescope 
(GLAST). 

106  Atomic 
Physics 

Experiments and theory will lead to improvements of 
Quantum Mechanics or to a new theoretical framework. 
This progress will be driven by the problems of today’s 
quantum mechanics to handle the dynamical many 
particle problem. 

46  Elementary 
Particle 
Physics 

Determination of the mechanism of electroweak symmetry 
breaking in nature. 

49  Experimental 
Atomic & 
Molecular 
Physics 

Establish novel visualisation methods (a "dynamics 
microscope") in a broad area of atomic and molecular 
physics and explore its potential for investigating related 
areas of basic physics, chemistry and biology research 
and novel applications in industry. 

44  Fluid 
Dynamics 

A small chance that experiments will discover the nature 
of dark matter. The cosmological constant controversy will 
continue. Progress will include improved predictions for 
galaxy formation and large-scale clustering, and new 
methods for data analysis. 

3  High Energy 
Physics 

Going beyond field theory to understand the fundamental 
interactions of nature in particular reconciling general 
relativity with quantum theory. The string approach looks a 
promising direction of development to solve this problem. 

95  Nuclear 
Physics 

Quantitative understanding of the new state of matter 
Quark Gluon Plasma (QGP) using comparison of 
precision measurements with detailed predictions using 
Quantum Chromodynamics (QCD). New insight into 
energy loss of quarks in matter. 

101  Nuclear 
Physics 

The development of the ultimate radioactive-beam factory 
will allow us to explore the limits of nuclear stability, 
provide information essential on element formation in the 
stars and have potential for finding new nuclear 
phenomena. 

88  Optical 
Physics 

New experimental tests of quantum mechanics specifically 
addressing the Quantum-Measurement Problem (QMP). 
The present QMP theory does not provide an adequate 
description of the way in which various physical 
possibilities are actualised. 

72  Plasma 
physics 

Fusion power plants based on advanced tokamak physics.

 
3.4.3 Biology & Biosphere 

3.4.3.1 In the short-term (Table 3.6) researchers believe DeoxyriboNucleic Acid (DNA) 
sequences will give them a better understanding of the evolutionary relationship among 
animals and that new fossil finds will place an absolute calibration time-scale on these 
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evolutionary milestones. Ecological and physiological models will become more 
integrated and more predictive. The role of the biosphere and influence of human 
activity on climate will be more predictable.  

Table 3.6 - Short-Term Biology & Biosphere Predictions 

ID Area Field Prediction 
90 Biology Ecosystem 

Science 
The linking of ecological and evolutionary models of 
physiological processes so that physiologically based 
models can become predictive. 

67  Evolutionary 
Biology, Marine 
Ecology 

A complete set of DNA sequences for organisms 
strategically located on the tree of life, insight into the 
evolutionary relationships of animal groups. Expansion 
of our understanding of the crucial genes and 
developmental cascades. 

   Possible new fossil finds that can place an absolute 
calibration time-scale on evolutionary milestones. 

69 Earth & 
Space 
Science 

Atmospheric 
Science 

Detection and attribution of climate change. Able to 
identify with more certainty the human influence on 
climate, and perhaps better estimate how future climate 
will change. 

22 Environm
ental 
Science 

Atmospheric 
Chemistry 

Better understanding of the role played by the biosphere 
in mediating the chemical composition of the 
atmosphere, and the effects this has on the Earth's 
climate system. 

 

3.4.3.2 In the long-term (Table 3.7) experts may have a model of the pace of evolutionary 
change and factors that contribute to evolutionary diversification. High-density 
observation systems will be coupled to advanced atmospheric models, through data 
assimilation approaches, enabling optimal forecast capability. The research community 
may have an improved understanding of the Earth's climate system, leading to a better 
capability for predicting climate change. 

Table 3.7 - Long-Term Biology & Biosphere Predictions 

ID Area Field Prediction 
90 Biology Ecosystem 

Science 
Development of a process-based understanding of how 
the biosphere and the atmosphere affect one another. 

67   Evolutionary 
Biology, 
Marine 
Ecology 

A model that understands the pace of evolutionary 
change and the factors that has caused the degree of 
evolutionary diversification. 

81 Earth & Space 
Science 

Atmospheric 
Physics 

High-density observation systems will be coupled to 
advanced atmospheric models, through data 
assimilation approaches, enabling optimal forecast 
capability. 

69     Space based measurements of the complete climate 
system. 

22 Environmental 
Science 

Atmospheric 
Chemistry 

Better understanding of the Earth's climate system, 
leading to a better capability for predicting climate 
change. 
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3.4.4 Biomedical & Clinical 

3.4.4.1 In the short-term (Table 3.8) scientists foresee that current research in molecular 
biology, genomics and proteomics will lead to a variety of advances including the 
development of synthetic nucleic acid sequence cancer drugs based on antigene, 
antisense and ribozyme constructs, the improvement of vectors used in gene therapy 
and the use of stem cell technology to cure neuralgic and degenerative diseases. 
Experts predict that more medication will be administered based on a patient’s 
genotype. Experts hope to understand the mechanisms underlying biotrauma, drug 
absorption through biological membranes and the cause of Human Immuno-deficiency 
Virus (HIV) related lipodystrophy and osteopenia. Advances in instrumentation will 
improve their ability to work with real-time monitoring of cellular signal transduction in 
living cells, to understand the brain’s recognition mechanism for complex speech 
patterns, to determine the structure and dynamics of biological macromolecules and to 
perform more efficient cancer diagnostics. Advanced optical techniques such as laser-
tissue interactions and light-mediated effects will provide new tools for processing 
tissues; surgery; cancer treatment; evoking cellular responses; and non-destructive 
testing. 

Table 3.8 - Short-Term Biomedical & Clinical Predictions 

ID Area Field Prediction 
25 Biology Genetics The treatment and diagnosis of cancer is going to 

change dramatically. 
15  Molecular 

Biology 
Patient management will change significantly based on 
the information gained from sequencing the human 
genome. Medicines will be administered based on the 
genotype of the individual in order to produce a more 
successful outcome. 

6 Biomedical Bioengineering Use of genomics and molecular biology along with 
quantitative engineering principles to establish 
methodologies needed for the development of cures for 
osteo- and rheumatoid arthritis. 

13   €19-oriented crystal nucleation from organic templates; € 
modulated crystal growth from dissolved compounds in 
solution; € in situ mineralising fracture cements; € in situ 
mono-phase composite orthopaedic cements; € in situ 
demineralisation systems. 

   Calcium phosphate cements with advanced surgical, 
mechanical, biological, and ease-of-use features will 
increase the prevalence of these cements in fracture 
management, significantly improving the care of patients 
with osteoporosis. 

100  Bioorganic 
Chemistry 

Development of Gene therapeutic drugs, i.e., drugs that 
act directly on the genetic material, DNA (antigene 
drugs) or on its messenger (mRNA) (antisense drugs). 

18  Cancer 
Research 

Monitoring signal transduction events in real time and in 
living cells i.e. binding of a ligand to its receptor, the 
activation of a receptor and activation of downstream 
signalling pathways. 

                                                 
19 € = electrostatically 
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ID Area Field Prediction 
   Complete knowledge about the transcriptome and 

proteome of a given cell, in the resting state and in 
response to external stimuli. Computerised modelling of 
the cellular response to incoming signals. 

53  Developmental 
Biology 

Embryo manipulation, nuclear transfer and gene 
targeting in mice, cattle, sheep and pigs. 

110  Engineering Developments in optical imaging and diagnostics using 
spectral, mechanical and other characteristics sensed 
using a variety of optical techniques (e.g. Optical 
Coherence Tomography (OCT), 2-photon microscopy, 
polarisation imaging, speckle imaging, optoacoustic 
imaging, etc). 

110  Engineering Laser-tissue interactions and light-mediated effects (i.e. 
photochemical, photothermal, and photomechanical 
mechanisms) will provide new tools for processing 
tissues, surgery, cancer treatment, evoking cellular 
responses, and non-destructive testing. 

80  Gene Therapy Improvement of vectors used in gene therapy regimes in 
terms of safety and duration/persistence of transgene 
expression 

32  Genetic & 
Molecular 
Biology 

Understanding why changes in A-beta production should 
lead to progressive neurodegeneration (e.g. Alzheimer's 
Disease (AD)). 

32  Genetic & 
Molecular 
Biology 

The identification of individuals predisposed to 
Alzheimer's Disease (AD) before they are affected or at 
the very early stages of AD, while the neuronal damage 
is still negligible 

108  Hearing Understanding the relationship between the patterns of 
peripheral neural activation and the brain's pattern 
recognition for complex patterns of speech. 

   Better understanding of central mechanisms of auditory 
perception, such as pitch, loudness, and temporal 
information. 

120  Immunology Cancer-specific treatment based on ribozymes, 
procathepsin D and natural factors such as 
polysaccharides. 

43  Neurobiology Use of stem cell technology and transplantation to cure 
neuralgic and degenerative diseases. 

114  Pharmacy Better understanding of drug absorption through 
biological membranes, as well as drug pharmacokinetics, 
will result in new drug delivery systems, reduced drug 
toxicity and drug interaction. 

   Greater understanding of pharmacogenomics. 
9  Physiology A better understanding of the mechanisms by which 

mechanical ventilation leads to lung injury. A better 
understanding of biotrauma i.e. biochemical responses 
to mechanical ventilation, and how they affect organs 
distal to the lung. 

31 Chemistry Bioanalytical 
Chemistry 

The development of rapid, high-efficiency, physico-
chemical techniques for the evaluation of 
microorganisms and cells will revolutionise all aspects of 
microbiology and cell biology. 
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ID Area Field Prediction 
58  Biophysics & 

Physical 
Chemistry 

The development of methodologies, both instrumental 
and computational, for the determination of structure of 
biological macromolecules from their properties in 
solution (e.g. determine structure from dynamics, or 
predict dynamics from structure). 

97  Organic 
Chemistry 

Improved methods in the lab, and computationally, for 
identifying medicinally important compounds, and 
improved methods of administering new 
pharmaceuticals. 

4 Clinical 
Medicine 

Microbiology Development of standard procedure for testing for yeast 
and mould susceptibility. Establishing interpretative 
breakpoints to deter anti-fungal resistance. 

   Development of molecular tools for detecting resistance 
to new agents. 

57  Nuclear 
Medicine & Bone 
Densitometry 

Definition of causes and treatment of HIV related 
lipodystrophy and osteopenia. 

99 Engineering Bioengineering Improved understanding of how materials direct cell 
function. Such understanding will then lead to better 
therapies for cartilage repair and regeneration and 
intervertebral disc repair and regeneration. 

99  Bioengineering Better understanding of critical properties of materials to 
function as vehicles for controlled release of 
biomedicine. 

1  Biomedical 
Engineering 

Optical tissue contrast will be developed and applied for 
cancer diagnosis. 

116  Chemical 
Engineering 

A greater understanding of the thread forming ability of 
biological fluids. Changes in body fluids are primarily due 
to disease and accompanied by presence of proteins 
and other macromolecules that can affect the fluid 
properties. 

36 Psychology Cognitive 
Psychology 

Detect individual differences among human subjects in 
functional neuroimaging studies of cognitive processes. 

 
3.4.4.2 In the long-term (Table 3.9) gene therapy and stem cell research could produce such 

things as a cure for arthritis, a treatment for Alzheimer’s disease and cancer, and gene 
therapies based on drugs and vectors optimised to the genetic profile of the individual or 
group. Tissue engineering developments such as electrostatically mineralised cell tissue 
could produce developments such as the replacement of joint prostheses with tissue-
engineered constructs. In general, complex systems employing multiple modalities, 
methods, principles and technologies will be developed and minimally invasive methods 
will start to replace invasive methods. 
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Table 3.9 -Long-Term Biomedical & Clinical Predictions 

ID Area Field Prediction 
15 Biology Molecular 

Biology 
 HIV vaccine. 

6 Biomedical Bioengineering Cure for arthritis involving protein based 
pharmaceuticals, genetic engineering, gene delivery, and 
stem cell techniques. 

13  Bioengineering €-engineered mineralised cellular tissues, for medical 
and non-medical application. 

100  Bioorganic 
Chemistry 

Development of novel self-assembly intelligent materials 
based on nucleobase hybridisation recognition. 

18  Cancer 
Research 

Full understanding of the structures of major cellular 
components and their contribution to cellular organelles. 
Full understanding of all interactions between 
components in various cellular signalling pathways. 

80  Gene Therapy Treatment of more widespread diseases by gene therapy 
using the best type of vector (viral versus non-viral) for a 
given type or group of diseases to obtain maximal results 
for the patient. 

32  Genetic & 
Molecular 
Biology 

Effective and safe treatments for AD will be generated 
based on genetic and biochemical findings. 

108  Hearing A more general theory of how speech is coded and 
stored and retrieved in the brain. 

120  Immunology Cancer treatment will be defined based on a particular 
type of cancer thus depending on the type of cancer 
treatment will be tailor-made. 

43  Neurobiology Implementation of genomic developments into clinical 
practice. 

114  Pharmacy A better understanding of drug absorption through 
biological membranes will produce new types of drugs 
and drug delivery systems. Many of the new drugs will be 
peptides (and even proteins), which will be effectively 
delivered to the body. 

9  Physiology A better understanding of a given patient’s susceptibility 
to injury from mechanical ventilation - specifically, a 
patient's genetic predisposition to the inflammatory 
effects of mechanical ventilation (ventilogenomics). 

31 Chemistry Bioanalytical 
Chemistry 

New physico-chemical techniques used to evaluate 
microorganisms and cells will become standard 
procedures and will supplant classical microbiological 
and cell biology methods. 

57 Clinical 
Medicine 

Nuclear 
Medicine & 
Bone 
Densitometry 

Prevention of onset as well as treatment of established 
osteoporosis. 

99 Engineering Bioengineering Tissue engineering opens the possibility to replace 
current joint replacement prostheses with tissue 
engineering constructs that lead to full regeneration of 
the diseased joint. 
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ID Area Field Prediction 
1  Biomedical 

Engineering 
Complex systems employing multiple modalities, 
methods, principles and technologies will be developed 
for health care. Minimally invasive methods will replace 
invasive methods. Health care will be diagnostics and 
prevention, rather than treatment. 

36 Psychology Cognitive 
Psychology 

Understanding, classification, and terminology of human 
cognitive processes. 

 

3.4.5 Chemical and Materials 

3.4.5.1 In the short-term (Table 3.10) researchers suggest that improved analytical methods 
such as automated methods for trace metal analysis, more sensitive and reliable 
techniques for determining toxic elements in the environment, practical potentiometric 
sensors with very low detection limits, a new generation of biosensors (e.g. DNA chips) 
for detecting biological analytes and cheap, high-performance multi-sensor system for 
monitoring various kinds gases (NOx, SOx, COx, etc.) will be developed.  

3.4.5.2 Novel synthesis and processing techniques such as new chemo-enzymatic methods for 
synthesising complex carbohydrates, the use of supercritical and novel liquid fluids in 
industrial chemical processes, and cheaper conversion of natural gas into liquid fuels 
will be available. Experts expect large scale production of biodegradable plastic 
materials and thermoplastics, synthesis of large quantities of pure carbon nitride (C3N4) 
to make engineering materials with hardness as high as diamond and construction of 
new hardware to enable microwave mediated chemical reactions to be carried out in 
parallel or array format. Ceramic powders with extremely low organic additive will be 
precisely shaped using colloidal processes and new polymers with controlled 
dimensions, shapes, compositions and functionality will be synthesised. Also, nanotube 
(or buckytube) production cost may become low enough to open up low-price 
applications such as high-strength composites. 

3.4.5.3 Improved catalysts and catalytic systems may be possible, e.g. catalytic systems to 
remove NOx from diesel engines, atom transfer radical polymerisation of new monomers 
with new catalysts, direct epoxidation of propylene with molecular oxygen to produce 
propylene oxide, the use of fuel cells based on renewable resources and oxidation 
processes based on solid catalysts using environmentally friendly oxidants.  

Table 3.10 - Short-Term Chemical and Materials Predictions 

ID Area Field Prediction 
30 Chemistry   Buckytube production cost will become low 

enough to open up low-price applications such as 
high-strength composites. 

12  Analytical 
Chemistry 

New analytical chemistry methods for life 
sciences. 

   Hyphenation of capillary electrophoresis with 
intelligent sample handling. 

14   Automation of analytical methods for trace metal 
analysis. Applications of sensitive and reliable 
techniques for determination of toxic elements in 
the environment, clinic, food, etc. 
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ID Area Field Prediction 
   Speciation of organometallic compounds using 

chromatographic and non-chromatographic 
approaches combined with atomic spectrometric 
detectors. Applications of sensitive, reliable 
techniques for determination of toxic elements in 
the environment, etc. 

34   More practical potentiometric sensors with very 
low detection limits, based on molecular 
recognition in a polymer membrane phase. 

66  Chemical 
Engineering 

Cheaper process technology for conversion of 
natural gas into liquid fuels. 

   Catalytic system for removal of NOx from 
advanced diesel engines. 

89  Heterogeneous 
Catalysis 

The direct epoxidation of propylene with molecular 
oxygen to produce propylene oxide is regarded as 
a Holy Grail for catalysis scientists and engineers. 
A few potential catalyst candidates are emerging. 

98  Macromolecular 
Chemistry 

Larger scale production of biodegradable plastic 
materials and thermoplastics with key applications 
in the biomedical field. 

109  Organic & 
Biological 
Chemistry 

Development of new hardware will enable 
microwave mediated chemical reactions to be 
carried out in parallel or array format. 

19  Organic ChemistryDevelop new chemo-enzymatic methods for the 
synthesis of complex carbohydrates, glycoproteins 
and glycosyltransfer enzyme inhibitors. 

   Programmable one-pot oligosaccharide synthesis 
technology capable of making oligosaccharides in 
a very rapid manner. 

84   Synthesis of complex natural and artificial 
molecules with biological activity and/or new 
materials properties using asymmetric synthesis. 
Complex chiral structures are required to find 
defined properties: molecular switches, liquid 
crystals, etc. 

   Asymmetric versions of classical reactions 
allowing stereoselective C-C bond formation by 
using both chiral auxiliaries and asymmetric 
catalysts. Increasing solid phase asymmetric 
syntheses. 

87   Application of acid and redox heterogeneous 
catalysts, particularly zeolites, to fine chemical 
production. Expected benefits: elimination of 
heavy metal oxides, peracids and strong mineral 
acids used in stoichiometric syntheses. 

87   Zero emission, fossil fuel power plants. 
   More efficient ways of optimising and designing 

the synthesis of organic compounds. 
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ID Area Field Prediction 
118  Physical & 

Industrial 
Chemistry 

Oxidation processes based on solid catalysts 
using environmentally friendly oxidants. Many 
hydrocarbon oxidation processes use heavy metal 
catalysts. New oxide catalysts will allow the use of 
"clean" oxidants and work in a less polluting 
reaction media. 

   Catalytic technologies enabling the use of fuel 
cells based on renewable resources e.g. the 
development of new electrocatalytic materials for 
the cells that use renewable sources as feed to 
the converter to get hydrogen. 

26  Physical Organic 
Chemistry 

The use of supercritical and novel liquid fluids as a 
tool in industrial chemical processes (e.g. 
reactions, crystallisation, and chromatography) 
where organic solvents have routinely been used.

75  Polymer 
Chemistry 

Synthesis of many new polymers with controlled 
dimensions, shapes, compositions and 
functionalities. Macromolecular engineering to 
produce polymers with new properties. 
Comprehensive structure-property correlation. 

75  Polymer 
Chemistry 

Commercial application of living radical 
polymerisation; atom transfer radical 
polymerisation of new monomers with new 
catalysts. 

102  Refinery/Petroche
mistry 

Use of greener technology by substituting a 
toxic/hazardous material with one that is more 
environmentally benign e.g. renewable/biological 
feed stocks, greener solvent systems, and the 
substitution of mineral acids and bases with solid 
catalysts. 

79 Engineering Surface 
Engineering, Thin 
Film Technology 

Vacuum free plasma deposition of tailored thin 
films for large area, three-dimensional working-
pieces allowing a significantly reduced production 
cost. 

   Synthesis of large quantity pure C3N4 on 
engineering materials to obtain hardness as high 
as diamond will be realised and adhesion 
problems between the engineering substrate 
materials and C3N4 coatings will be solved. 

54 Materials 
Science 

Ceramics Precursor-derived ceramic coatings and monoliths 
produced from preceramic polymers and fillers 
(ceramic or metal powder). Ceramic fibres and 
fibre-reinforced ceramic composites produced by 
the precursor-route. 

   Precise shaping of ceramic powders with 
extremely low organic additive contents using 
colloid processes. 

60  Composite 
Material, 
Electronic 
Packages 

Important developments will continue to be made 
on the use of Fibre-Reinforced Composites 
(FRCs) as construction materials. Major 
applications are internal reinforcing new concrete 
structures and rehabilitating damaged/used 
concrete structures. 
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ID Area Field Prediction 
103  Food Biophysics Reduction of process in allowing point of sale 

production scale, providing greater flexibility in 
batch sizes and product types. 

37  Physical 
Chemistry 

Realisation of a new generation of biosensors, 
e.g., DNA Chips, in which the recognition of a 
biological species on the sensing site is 
transduced into an electrical signal. This allows a 
direct and real time reading of a given biological 
analyte. 

91  Solid State Ionics, 
Sensor 
Engineering 

The compact, cheap, and high-performance multi-
sensor system will be developed for monitoring 
various kinds of environmentally concerned gases 
such as NOx, SOx, COx, hydrocarbons and Volatile 
Organic Compounds (VOCs). 

 

3.4.5.4 In the long-term (Table 3.11) catalysts research should yield “biomimetic" inorganic 
catalysts to achieve the mild and selective oxidation of lower paraffins with molecular 
oxygen, catalysts for economic NO decomposition and catalysts for olefin 
copolymerisation with polar monomers. Materials research may reveal a one-to-one 
correlation between types of defects and the performance of GaN-based devices and 
proton transport in low-dimensional systems may emerge as an interesting field. 
Researchers are predicting that low cost automated microwave heating equipment may 
change the current preparative methods for chemical synthesis, the emergence of 
extreme high temperature corrosion resistant, thermal barrier films with sensoric 
function, a new generation of multifunctional sensing materials with real-time output and 
cheap hand-held sensing systems that can detect a variety of gaseous species 
sensitively and selectively. More efficient carbon dioxide management techniques (e.g. 
sequestration of CO2 in deep geological formations) may become available and hydrides 
could become a safe and efficient method for hydrogen storage enabling a transition of 
the hydrogen economy. 

Table 3.11 - Long-Term Chemical and Materials Predictions 

ID Area Field Prediction 
12 Chemistry Analytical 

Chemistry 
Routine analytical chemistry methods will be 
developed for new life science areas. 

14   Increased use of coupled techniques for elemental 
speciation; Improved detection limits of analytical 
techniques for metal determination and speciation at 
lower concentration levels. Increased use of 
chemometrics for optimisation. 

34   Universal, parallel detection systems with highly 
replaceable chemistries embedded in fluidic and 
microfluidic systems. 

66  Chemical 
Engineering 

Fuel cell operating in the temperature range of 400-
500°C without the use of noble metals. 
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ID Area Field Prediction 
89  Heterogeneous 

Catalysis 
Thermodynamically nitrogen oxides (NO) 
decomposition can take place at temperatures below 
1000 K. There are no catalysts that can dissociate 
NO into N2 and O2. The development of catalysts for 
NO decomposition so exhaust gases can be treated 
economically. 

98  Macromolecular 
Chemistry 

New catalysts for olefin copolymerisation with polar 
monomers such as acrylics. New generation of the 
Ziegler Natta type catalysts will emerge. These new 
catalysts will produce mainly new polymeric 
materials. 

109  Organic & 
Biological 
Chemistry 

Change in the preparative methods for chemical 
synthesis involving the use of low cost, automated 
heating (microwave) equipment. This will impact all 
organic synthesis activities with major impact on 
pharmaceutical and chemical research areas. 

19  Organic Chemistry Automated synthesis of oligosaccharides and 
aminoglycosides to facilitate the study of 
carbohydrate function and the process of drug 
discovery. 

84   Shortening procedures for asymmetric synthesis of 
molecules with specific properties (e.g. anticancer 
properties) will include development of domino 
reactions where the stereochemistry is controlled. 
Such consecutive reactions will save time and 
money. 

87   "Biomimetic" inorganic catalysts based on site 
activity and surface specificity (selective 
adsorption/desorption), able to achieve the mild and 
selective oxidation of lower paraffins with molecular 
oxygen. 

118  Physical & 
Industrial Chemistry

Using carbon dioxide (CO2) as a raw material for 
chemical processes. New processes will mimic 
nature's use of CO2 by hydrogenation, or as a 
source of oxygen for selective oxidation of 
hydrocarbons that produce readily usable carbon 
monoxide. 

26  Physical Organic 
Chemistry 

The development of a "soft" computer, in which 
complete hardware is comprised of synthetic 
chemical systems, which are able to process and 
store information. 

75  Polymer Chemistry Application of atom transfer radical polymerisation in 
new coatings, surfactants, dispersants, lubricants, 
adhesives, etc. 

102  Refinery/Petrochem
istry 

Carbon dioxide management, for example, capture 
and sequestration of CO2 in deep geological 
formations such as depleted gas oil reservoirs or in 
saline formations may allow fossil fuels to continue 
to effectively meet the growing energy demand. 
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ID Area Field Prediction 
79  Surface 

Engineering, Thin 
Film Technology 

Extreme high temperature corrosion resistant, 
thermal barrier films with sensoric function for 
service control and rest time indicator will be 
synthesised especially for highly loaded machine 
parts such as new generation turbines. 

37 Materials 
Science 

Physical Chemistry New generation of multifunctional sensing materials 
(bio, environment, etc.), with direct and real time 
output. 

70   Proton transport in low-dimensional systems 
(surfaces, interfaces, and super molecular 
structures) may emerge as an interesting field in 
materials science. 

61  Semiconductor 
Technology 

One-to-one correlation between types of defects and 
performance of GaN-based devices. The 
mechanism of interaction between defects and the 
mechanism of degradation will be the focus of 
attention of this scientific community. 

91  Solid State Ionics, 
Sensor Engineering

Hand-held, cheap sensing system that can detect a 
variety of gaseous species sensitively and 
selectively will be developed. 

10 Physics Solid State Physics Hydrides will become a safe and efficient method for 
hydrogen storage and stationary fuel cell systems 
will be developed in connection with solid-state 
hydrogen storage, avoiding high-pressure hydrogen 
storage. 

 
3.4.6 Computers & Robotics 

3.4.6.1 Short-term (Table 3.12) developments in computing devices, systems and networks are 
expected to range from the integration of complete electronic systems on a chip 
including analogue and digital components, memory and up to 1 billion circuit 
components to the extremely large-scale networks and distributed systems with 
hundreds of thousands of computational elements that are managed, co-ordinated and 
controlled as a single coherent entity. There will be improvements in user tools and 
interfaces with the emergence of new technologies for live collaboration of shared 
information, data, objects or other resources over widespread networks. User processes 
in information seeking will be recognised as a factor influencing the effectiveness of 
information systems. In general, data management will improve the resources and 
information available to individual researchers. 

3.4.6.2 Mobile robotics will reach a good level of adaptability and be able to deal with a large 
number of situations and adapt to the environment. They will be intelligent autonomous 
and semi-autonomous systems that use computer vision and work in an everyday life 
environment. Mobile robots will be hybrid systems of medium complexity and will mix 
classical design and bio-inspired approaches in control, mechanical and sensor design.  
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Table 3.12 - Short-Term Computers & Robotics Predictions 

ID Area Field Prediction 
15 Biology Molecular 

Biology 
Data management will improve the resources and information 
available to individual researchers. 

77 Computer 
Science 

Computer 
Science 

Emergence of new technologies for live collaboration on 
shared information, data, objects or other resources over 
widespread networks potentially global in scope. 

   Emergence of extremely large-scale networks and distributed 
systems, with hundreds of thousands or millions of 
computational elements, that must be managed, co-ordinated 
and controlled as a single coherent entity. 

113  Robotics Intelligent autonomous and semi-autonomous systems that 
uses computer vision and work in everyday life environment. 

65 Engineering Electrical 
Engineering

Integration of complete electronic systems on a chip (system-
on-chip) including analogue and digital components, memory 
and logic up to the limits of near 1 billion circuit components 
per chip. 

38  Mobile 
Robotics 

Mobile robots dealing with real applications in environments of 
medium complexity using hybrid systems mixing classical 
design and bio-inspired approaches in control, mechanical 
and sensor design. 

38  Mobile 
Robotics 

Mobile robotics will reach a good level of adaptability: sensor 
processing, mechanics, electronics and control software e.g. 
sensors that deal with a large number of situations and 
mechanics that change shape and adapt to the environment. 

16 Library & 
Information 
Science 

  The user processes in information seeking will be recognised 
as a factor influencing the effectiveness of information 
systems. 

 

3.4.6.3 In the long-term (Table 3.13) we may see the deployment of very small high 
performance computing systems ("small sensors") with wireless connectivity, in vast 
numbers, creating a seamless information environment within which humans, vehicles 
and devices will be continuously connected. Findings from information seeking and use 
studies in information science will influence the way information retrieval scholars design 
information retrieval systems. Some robots may exceed human capabilities in some 
aspects such as problem solving and may have some human-like attributes. Personal 
robots will become more common and perform useful applications including 
environmental surveying and detection of environmental conditions. 
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Table 3.13 - Long-Term Computers & Robotics Predictions 

ID Area Field Prediction 
77 Computer 

Science 
Computer 
Science 

Deployment of very small high performance computing 
systems ("small sensors") with wireless connectivity, in 
vast numbers, creating a seamless information 
environment within which humans, vehicles and devices 
will be continuously connected. 

113  Robotics Robots that exceeds human capabilities in multiple 
aspects, including problem solving, creativity, etc, and that 
have human-like attribute including feeling and 
individuality. 

38 Engineering Mobile 
Robotics 

In the long term we will have the possibility to have 
personal robots like we have personal computers, cellular 
phones, Personal Digital Assistants (PDAs) or pets. 
Useful applications include environmental surveying and 
detection of environmental conditions (e.g. sun exposure).

16 Library & 
Information 
Science 

  Findings from information seeking and use studies in 
information science will influence scholars in information 
retrieval and have an impact on information retrieval 
system design. 

 

3.4.7 Genomics & Proteomics 

3.4.7.1 In the short-term (Table 3.14) making sense of the gene sequences and the 
investigation of proteins created from these sequences hold some interesting promises 
particularly for medicine. The pathways of DNA double-strand break repair and 
chromosome break repair will be elucidated. The regulation of gene expression in 
specific neuronal network responsible for O2 sensing in Carotid Body and brainstem and 
the role of the developmental control genes in the origin of the rhythmic respiratory 
network in the embryo hind-brain may become apparent. Findings from the investigation 
of functional genomics, based on characterising gene functions in animals and man, 
may produce gene specific drugs. Plant and animal genomics may provide ways to 
classify raw material quality using Quantitative Trait Loci (QTL's) that relate food-
processing performance to final product quality. In general, the rate at which the function 
of genes is determined will accelerate, and we may see technologies that include such 
things as the detection of protein-protein interactions, protein chips, and more effective 
means to modulate gene expression. 
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Table 3.14 - Short-Term Genomics & Proteomics Predictions 

ID Area Field Prediction 
25 Biology Genetics The pathways of DNA double-strand break repair and 

chromosome break repair, which are still poorly 
understood, will be elucidated. 

85  Physiology Role of the developmental control genes in the origin of 
the rhythmic respiratory network in the embryo hind-brain.

85  Physiology Cellular and molecular mechanisms responsible for O2 
sensing in Carotid Body and brainstem are unknown. 
Regulation of gene expression in specific neuronal 
network may be responsible for such physiological 
adaptation. 

104 Biomedical Biochemistry The rate at which the function of genes is determined 
should accelerate. These technologies will include 
detection of protein-protein interactions, protein chips, and 
more effective means to modulate gene expression. 

100  Bioorganic 
Chemistry 

Functional genomics methods based on gene specific 
drugs for characterising gene functions in animals and 
man. 

43  Neurobiology Implementation of findings of human and mouse genome 
data into function of the mammalian brain. 

103 Materials 
Science 

Food 
Biophysics 

Plant and animal genomics will provide new classification 
of raw material quality via QTL’s that relate to processing 
performance, and final product quality. 

 
3.4.7.2 In the long-term (Table 3.15) research efforts in elucidating DNA repair pathways and 

their connection to carcinogenesis may become more prominent and lead to the 
development of early diagnosis tools. The therapeutic implications of our increased 
understanding of protein functions will unfold, as our ability to modulate specific proteins 
through more specific chemistries and through new means of manipulating gene 
expression increases. Understanding the impact of food ingestion on gene expression, 
metabolite systemic levels and individual performance may yield causal models relating 
dietary intake to psychological effects and physiological health. It may be possible to link 
the human genome with the biological role of proteins, and hence to medicinal targets at 
the molecular level. 
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Table 3.15 - Long-Term Genomics & Proteomics Predictions 

ID Area Field Prediction 
25 Biology Genetics The research effort in elucidating DNA repair pathways 

and their connection in carcinogenesis is much smaller 
then for apoptosis, but is slowly starting to be more 
prominent. This could lead to the development of early 
diagnosis tools. 

85  Physiology Understanding plasticity of neuronal brainstem network in 
response to cardio respiratory pathology. 

104 Biomedical Biochemistry The therapeutic implications of our increased 
understanding of protein functions will unfold as we 
increase our ability to modulate specific proteins through 
more specific chemistries and through new means of 
manipulating gene expression. 

97 Chemistry Organic 
Chemistry 

Linking the human genome with the biological role of 
proteins, and hence to medicinal targets at the molecular 
level. 

103 Materials 
Science 

Food 
Biophysics 

Causal models relating dietary intake to main 
psychological effects and physiological health. This will be 
achieved by understanding the impact of food ingestion on 
gene expression, metabolite systemic levels and 
individual performance. 

 
3.4.8 Mathematical & Computational 

3.4.8.1 Short-term (Table 3.16) advances in mathematical and computational methods will likely 
affect every field of science and engineering. The developments will range from more 
computations being done from first principles to the availability of back-box algorithms 
for the numerical solution of general differential equations. Furthermore, increases in 
computer power and improved optimisation techniques will provide solutions to 
previously intractable problems and there will be an increase in the use of numerically 
intensive statistical techniques. 

3.4.8.2 In the biology, chemistry and the medical sciences, more efficient simulation methods 
will be used to create increasingly realistic biochemical models and to simulate proteins, 
in particular membrane proteins, and predict their structures. There will be better 
integration of plant and microbe physiological and biophysical models. Mesoscale 
modelling based on statistical physics will provide more structural details of 
macromolecules, and computational methodologies will be available to predict 
quantitative chemical structure-property-activity relationships. Computational treatments 
of small-scale discrete systems will become more commonly used in smart materials, 
biotechnology, and nanotechnology. 

3.4.8.3 In mathematics, physics and astronomy, computer simulation requiring interdisciplinary 
co-operation between disciplinary scientists, applied mathematicians and computer 
scientists, will overcome many computational bottlenecks. This could have broad spin-
offs in applied research. In astrophysics numerical simulations will combine N-body code 
used to describe the stars and dark matter, with hydrodynamical code used to describe 
gases. In particle physics there will be widespread use of next-to-next-to-leading-order 
computations and precision lattice-field-theory numerical simulations in Quantum 
Chromodynamics and teracomputing will enable realistic determinations of the 
parameters of the Standard Model of Elementary Particles concerning the weak 
interactions. 
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3.4.8.4 In engineering and materials science, mathematical modelling and computer simulation 
will become standard tools to design optical networks. Coupled hydrodynamic and 
sediment transport models will be used to predict the 3-D structure of currents induced 
by breaking waves and the complex dynamics of suspended sediment transport and 
beach profile response to storm waves. Improved images and video compression 
algorithms will become a standard application on personal computers, facilitating 
teleconferencing between PCs. Reaction flow models, based on equations derived from 
dynamical systems and process-material interaction, will become more important. 

Table 3.16 - Short-Term Mathematical & Computational Predictions 

ID Area Field Prediction 
33 Astronomy Theoretical  

Astrophysics 
The main advances come from numerical simulations 
combining an N-body code, to describe the stars and 
dark matter, and a hydrodynamical code to describe the 
gas. 

90 Biology Ecosystem 
Science 

The linking of physiological models of plant and microbe 
activity with canopy biophysical models of radiative 
transfer and turbulence. 

29 Biomedical Biochemistry More efficient simulation methods to study increasingly 
realistic models that are relevant to biochemical 
problems. 

   Computer simulations of proteins and in particular 
membrane proteins will become a key ingredient in 
proteomics efforts to obtain structures for the majority of 
proteins in known genomes by structure prediction. 

58 Chemistry Biophysics & 
Physical 
Chemistry 

Structural detail of macromolecules is 'mesoscale' 
structure and governed by statistical physics. There will 
be an emergence of computational methods for 
mesoscale modelling, Brownian (stochastic) dynamic 
simulation, etc. 

92  Theoretical & 
Computational 
Chemistry 

Development of computational methodologies for 
quantitative structure-property-activity relationships. 

62 Computer 
Science 

Electronics Many real life objects are multiscaled objects. Progress 
towards the objective of solving multiscale problems. 
This could result either from the development of novel 
methods or more probably from hybridisation of present 
techniques. 

39  Numerical 
Analysis 

The development of black-box algorithms for the 
numerical solution of general differential equations. 

   Mathematical modelling and computer simulation will 
become standard tools to design optical networks. The 
complexity and the capacity of optical networks increase 
faster than the complexity of electronic circuits. 

8 Engineering Civil 
Engineering 

Meshless boundary element method. 

94  Coastal and 
Ocean 
Engineering 

Coupled hydrodynamic and sediment transport models 
that can accurately predict the 3-D structure of currents 
induced by breaking waves in the surf zone, and the 
complex dynamics of suspended sediment transport and 
beach profile response to storm waves. 
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ID Area Field Prediction 
117   Mathematical modelling of process-material interaction 

will become more important e.g. corrosion of heat 
exchangers in furnaces (which is governed both by 
process and material). 

   Development of reaction flow models based on 
equations derived from dynamical systems involving 
hierarchical concepts that couple knowledge from small 
scale, multi-phase model systems with models of real 
systems (e.g. turbines, automotive engines). 

115  Electrical 
Engineering 

Improved images and video compression. Video 
compression will become a standard application on 
personal computers, facilitating teleconferencing 
between Personal Computers (PCs) with Digital 
Subscriber Line (DSL) or equivalent data 
communications modem speeds. 

28 Materials 
Science 

Anisotropic 
elastic theory 
of defects and 
waves 

Computational treatments of small-scale discrete 
systems for use in smart materials, biotechnology, and 
nanotechnology. 

   Computationally treating interactions between and 
motions of large numbers of crystal dislocations. 

17  Semiconductor 
Physics 

A growing impact of computations on physics and 
materials science, particularly from first principles. 

59 MathematicsManagement 
Science 

Increasing application of numerically intensive statistical 
techniques (resampling or 'bootstrapping') to practical 
estimation problems relating to optimisation models. 

   Solution of previously intractable optimisation problems 
using a combination of increasing computer power and 
effective use of approximation techniques. 

41  Operator 
Algebras 

Advances in the classification of amenable C*-algebras.

5 Physics Condensed 
Matter 

Gain a better understanding of the structural and 
dynamical behaviour of water in a wide pressure and 
temperature range. Accurate microscopic simulations 
have the potential to provide significant scientific 
developments in the short term. 

46   Widespread use of next-to-next-to-leading-order 
computations in Quantum Chromodynamics in 
conjunction with resummation techniques. 

   Precision lattice-field-theory numerical simulations of 
Quantum Chromodynamics, making use of advances in 
effective field theory, algorithms, and computing power. 

78  Theoretical 
Physics 

Teracomputing - either on dedicated hardware or 
efficient high performance clusters - will enable realistic 
determinations of the parameters of the Standard Model 
of Elementary Particles concerning the weak 
interactions. 

   Parallel computer simulation requires interdisciplinary 
co-operation between disciplinary scientists, applied 
mathematicians and computer scientists to overcome 
bottlenecks in stochastic sampling. This will have broad 
spin-offs in applied research. 
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3.4.8.5 In the long-term (Table 3.17) computational methods for producing, handling and 
interpreting vast amounts of information using approaches emerging from basic 
sciences (statistical mathematics/physics, molecular physical chemistry, etc.) will be 
developed and numerical simulations will change our view of the properties of the 
universe. Accurate solutions to equations of physics will produce realistic simulations of 
more physical problems impacting how the engineers see the material world and how 
they design objects of current life. The design of compression algorithms that facilitate 
searching will be an important development. Mathematical modelling of reacting flows by 
increased interdisciplinary research activities will shorten engineering design processes 
and replace expensive experiments. There will be a ubiquitous use of optimisation 
models by industry and government in 'customer' transactions. Young researchers will 
continue to move from computational physics into other fields requiring computational 
physics methods like biology, medicine, and material science and they will open new 
research fronts there. 

Table 3.17 - Long-Term Mathematical & Computational Predictions 

ID Area Field Prediction 
33 Astronomy Theoretical 

Astrophysics 
Our view of the properties of the Universe will make 
large advances. This will directly impact numerical 
simulations, since the amount and distribution of dark 
matter in galaxies will be gradually elucidated. More 
realistic models will become possible. 

58 Chemistry Biophysics & 
Physical 
Chemistry 

Methods for producing, handling and interpreting vast 
amounts of information using approaches emerging 
from basic sciences (statistical mathematics/physics, 
molecular physical chemistry, etc.) that are implemented 
using efficient computer software. 

62 Computer 
Science 

Electronics Accurate solutions to equations of physics will produce 
realistic simulations of more physical problems that will 
significantly impact how the engineers see the material 
world and how they design objects of current life. 

8 Engineering Civil 
Engineering 

Symbolic programming will be used effectively in the 
mathematical modelling of physical phenomena, instead 
of numerical analysis. 

94  Coastal and 
Ocean 
Engineering 

Turbulence model for breaking waves. 

117  Combustion & 
Reacting 
Flows 

Mathematical modelling of reacting flows by increased 
interdisciplinary research activities will shorten 
engineering design processes and replace expensive 
experiments. The models will possess a predictive level 
of sophistication. 

115  Electrical 
Engineering 

Effective searching of video and image data, especially 
in the compressed domain, will become an important 
development. The design of compression algorithms 
that facilitate searching. 

28 Materials 
Science 

Anisotropic 
elastic theory 
of defects and 
waves 

Reliable and accurate simulations of the influence of 
microscopic crystal defect motion on the mechanical 
response of laboratory size samples (e.g. numerical 
kinetic calculations). 
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ID Area Field Prediction 
59 MathematicsManagement 

Science 
Ubiquitous use of optimisation models by industry and 
government in 'customer' transactions; dynamic 
allocation of capacity in manufacturing and service 
sectors; continuing development of complex-systems 
modelling/solution techniques. 

41  Operator 
Algebras 

Completion of the classification for (separable) 
amenable C*-algebras. This would be important for both 
structure theory of these algebras, and for the other 
areas of mathematics (such as geometry, dynamics, 
and mathematical physics). 

78 Physics Theoretical 
Physics 

Young researchers are drifting from computational 
physics into other fields requiring computational physics 
methods like biology, medicine, and material science. 
They have learned about interdisciplinary projects and 
will open new research fronts there. 

 

3.4.9 Molecular Matter 

3.4.9.1 In the short-term (Table 3.18) research into the structure and behaviour of molecular 
matter will see theoretical and applied advances ranging from gaining more knowledge 
about the connection between soft and hard matter to a greater understanding of the 
constituents of complex fluid materials such as paints, inks and polymers. Chemical 
physics may achieve for molecules (i.e. cool, slow and trap molecules) what has so far 
been limited to atoms, and this would enable long trapping times for investigating 
forbidden spectroscopic transitions. The study of homogeneous complex plasmas under 
microgravity conditions might impact commercial plasma etching and deposition. The 
superconductor magnesium boride, which has been fabricated into wires and thin film, 
looks promising as a replacement for low and high temperature superconductors (Tc) 
when used at 20K. Some breakthroughs in the development of methods to predict 
crystal structures are expected. Techniques for elucidating the structure of 
supramolecular assemblies of biological molecules and new approaches to form 
selective electrodes based on self-assembled monolayers are anticipated.  

3.4.9.2 The influx of advanced imaging, analysis and simulation techniques in granular 
materials research could lead to a deeper understanding of non-linear, dissipative 
systems far from equilibrium. Advances in understanding the physics of time-dependent 
processes in soft matter in general, and of metastable matter in particular, could feed 
directly into product design and improvements in the food and chemicals industries. 
Mixed protonic/electronic systems could produce novel hydrogen storage and catalysis 
materials. 

3.4.9.3 The magnetic properties of rare earth based magnets could be optimised as a result of 
the design and fabrication of special microstructures in these alloys. After proton 
conductivity has been established for different classes of materials, and the underlying 
reactions have been studied, there could be an increased emphasise on optimising 
selected materials for applications such as fuel cells. The primary mechanisms of 
tunnelling in molecular magnets may be established. 

3.4.9.4 The electrical properties and interaction between defects (such as dislocations, 
inversion domains, nano-pipes, surface pits) in GaN semiconductor devices could 
emerge as important subjects. Organic-based field-effect transistors could be prepared 
on flexible polymeric substrates by the simple use of conventional printing techniques. 
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Flexible, large area, lightweight and low cost display devices may result from current 
research in polymer-based active matrices. There could be increased awareness of the 
role that hydrogen plays in improving the doping efficiency of primary dopants and 
further investigations of the role of hydrogen in other oxides that are widely used for a 
variety of applications, ranging from electronics to catalysts. The preparation of very 
long metal containing compounds that conduct and have switching termini may be 
possible. 

Table 3.18  - Short-Term Molecular Matter Predictions 

ID Area Field Prediction 
23 Biophysics Biomolecular 

Materials 
Methodologies for the elucidation of structures of 
supramolecular assemblies of biological molecules 
in-vitro. 

27 Chemistry Electrochemistry Development of new approaches for the formation of 
selective electrodes based on self-assembled 
monolayers. 

42  Inorganic 
Chemistry 

The preparation of very long metal containing 
compounds that conduct and have switching termini.

45  Organic 
Chemistry 

Development of methods to predict crystal structures.

116 Engineering Chemical 
Engineering 

A greater understanding of the constituents of 
complex materials such as paints, inks, polymers in 
terms of their behaviour under deformation. This may 
lead to the ability to tailor complex fluids to suit a 
variety of applications. 

60 Materials 
Science 

Composite 
Material, 
Electronic 
Packages 

Efforts will be directed towards modification of the 
fibre-matrix interface by various molecular design, 
electrochemical, physical and thermomechanical 
means to ensure optimised functional, mechanical 
and structural properties of electronics packages. 

37  Physical 
Chemistry 

Organic-based field-effect transistors prepared on 
flexible polymeric substrates by the simple use of 
conventional printing techniques. The realisation of a 
polymer-based active matrix for flexible, large area, 
lightweight and low cost display device. 

70   Mixed protonic/electronic systems (i.e. proton and 
electron conduction) may reveal materials that are 
relevant for hydrogen storage and catalysis. 

   After proton conductivity has been established for 
different classes of materials (e.g. oxides) and the 
underlying reactions have been studied, there could 
be an increased emphasise on optimising selected 
materials for applications such as fuel cells. 

21  Physical 
Electronics 

The connection between soft and hard matter as well 
as the interface between periodic and random 
systems are two areas that are likely to converge 
when addressing the issue of information generation 
and redefining knowledge. 

119  Physics Optimisation of magnetic properties of rare earth 
based magnets could result from fabricating special 
microstructures in these alloys. A unique heat 
treatment procedure could produce magnets with 
energy values close to the theoretical limits. 
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ID Area Field Prediction 
17  Semiconductor 

Physics 
Increased awareness of the important role played by 
hydrogen to improve the doping efficiency of the 
primary dopant. Further investigations of the role of 
hydrogen in oxides used for a variety of applications.

61  Semiconductor 
Technology 

Electrical properties and interaction between defects 
(dislocations, inversion domains, nano-pipes, surface 
pits) in GaN semiconductor devices are among the 
most important emerging subjects. 

112  Solid State 
Chemistry 

The superconductor magnesium boride has been 
fabricated in the form of bulk, wires and thin film. 
Current density flux pinning and flux dynamics have 
been studied. The materials look promising to replace 
low and high Tc when used at 20K. 

11 Physics Chemical 
Physics 

Chemical physics will achieve for molecules what has 
so far been limited to atoms (cool, slow and trap 
molecules). Long trapping time will enable the 
investigation of forbidden spectroscopic transitions. 
Achieve molecular Bose-Einstein condensate. 

64  Condensed 
Matter 

An understanding of the primary mechanism of 
tunnelling in molecular magnets. The cause of 
tunnelling is hotly debated. There is experimental 
evidence to support the role of some theories but the 
dominant mechanism is not yet understood. 

48  Experimental 
Condensed 
Matter Physics 

Granular materials, the interface between condensed 
matter physics and mechanical & chemical 
engineering, has an influx of advanced imaging, 
analysis and simulation techniques. This could 
improve our understanding of non-linear, dissipative 
systems. 

50  Plasma Physics Under microgravity conditions homogeneous 
complex plasmas can be formed, and forces much 
weaker than gravity on earth and the counter acting 
electrostatic levitation force can be investigated. This 
could impact on industrial plasma etching and 
deposition. 

121  Soft Condensed 
Matter 

Advances in understanding the fundamental physics 
of time-dependent process in soft matter in general, 
and of metastability in particular, will feed directly into 
product design and improvement in the food and 
chemicals industries and beyond. 

10  Solid State 
Physics 

Breakthrough progress in the performance of 
hydrogen storage materials including development of 
new compounds with better hydrogen capacity and 
operational conditions, as well as catalytic 
improvement of the already known hydrides. 

 
3.4.9.5 In the long-term (Table 3.19) molecular matter research will produce techniques that 

focus on understanding and controlling single molecules as techniques from biophysics, 
physics, and engineering are used to create small molecular machines. Electronic 
devices and functions will be based on the use of individual molecules for memory 
storage and for performing logic functions. Molecular computers using conducting 
polymeric compounds that incorporate optical switching may emerge making it possible 
to merge electronic and biological systems. Soft matter physics will be used to gain 
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more understanding of biological systems. Superconductors will be commercialised in a 
number of industry areas. High temperature superconductors that can operate at liquid 
nitrogen temperature, or even at room temperature, will be found. A new theory of 
superconducting at the room temperature could evolve.  

3.4.9.6 Theoretical developments incorporating statistical physics, computing, fluid mechanics 
and rheology will enable the description of complex fluids in any arbitrary flow field. New 
rare earth permanent magnet alloys will be synthesised and this will produce changes in 
fields that use permanent magnets, especially in the area of device miniaturisation. 
Room temperature bistable molecular magnets may be possible. Synchrotron radiation 
sources will help researchers gain a better understanding of the structure and dynamical 
properties of liquid and glassy state of matter. In particular they will provide a better 
understanding of the liquid state behaviour at high temperature and pressure. 

Table 3.19 - Long-Term Molecular Matter Predictions 

ID Area Field Prediction 
29 Biomedical Biochemistry Experimental and theoretical techniques will focus more 

on understanding and controlling single molecules as a 
combination of techniques from biophysics, physics, and 
engineering allow us to create small molecular machines.

42  Inorganic 
Chemistry 

The development of molecular computing using 
conducting polymeric compounds that incorporate optical 
switching. 

45  Organic 
Chemistry 

Very efficient property design of supramolecular 
systems. 

92  Theoretical & 
Computation
al Chemistry

Superconducting materials at room temperature. A new 
theory of superconducting at room temperature. 

116 Engineering Chemical 
Engineering 

Theoretical developments that will enable the description 
of complex fluids in any arbitrary flow field. This 
development will incorporate statistical physics, 
computing, fluid mechanics and rheology. 

65  Electrical 
Engineering 

Electronic devices and functions based upon the use of 
individual molecules for memory storage and for 
performing logic functions. Merging electronic and 
biological systems. 

119 Materials 
Science 

Physics New rare earth permanent magnet alloys will be 
synthesised and will produces changes in all the fields of 
applications of permanent magnets, especially in the 
area of device miniaturisation. 

112 Materials 
Science 

Solid State 
Chemistry 

Superconductors will be commercialised in a number of 
industry areas. 

5 Physics Condensed 
Matter 

Synchrotron Radiation Sources used to gain a better 
understanding of the structure and dynamical properties 
of liquid and glassy states of matter. A better 
understanding of the liquid state behaviour at high-
pressure (i.e. 1-100 GPa) and high-temperature. 

64 Physics Condensed 
Matter 

Bistable molecular magnets at room temperature. 
Current molecular magnets have anisotropies that make 
them bistable only at liquid Helium temperatures. 
Ultimately researchers may design molecules with 
anisotropies that are bistable at room temperature. 
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ID Area Field Prediction 
121  Soft 

Condensed 
Matter 

Applying soft matter physics to the understanding of 
biological systems - from biomolecules to whole cells. 
This will not be easy; biology is firmly based on the 
'atomic paradigm'; soft condensed matter is essentially 
'coarse-grained'. 

122 Physics Solid State 
Physics 

Simple high temperature superconductors like MgB2 will 
be found, that can operate at liquid nitrogen temperature, 
have a reasonably high critical field and are 
metallurgically easily to handle. 

 

3.4.10 Nano Science & Technology 

3.4.10.1 In the short-term (Table 3.20) researchers foresee gaining a better understanding and 
greater control of the basic principles underlying self-assembly of nanoscale structures. 
They expect there will more synergy between physical & biological sciences in this 
research area. The experts consulted also expect methods will evolve for large-scale 
synthesis of nanomaterials and cheap technologies for manufacturing nanostructured 
materials and devices. 

3.4.10.2 Nanoscale semiconductor devices will enable computer chips to operate at near 10GHz 
speeds and have more than 1 billion devices. Room temperature ferromagnetic 
semiconductors will be available, and other practical devices such as spin-Field Effect 
Transistors (FETs) may emerge. Carbon nanotubes will find applications in electronics 
including field-emission displays and electrically conductive plastics. Electron field 
emission flat semiconducting thin films could potentially replace conventional displays, 
high power microwave amplifiers and incandescent lighting (Carbon Nanotubes for 
Large Area Displays (CANADIS) project20). Scanning probe microscopy techniques will 
be used to manipulate self-assembled structures so they can be used to store 
information at the nanometer scale. The scanning electrochemical microscope may 
produce new approaches for micro and nanopatterning of surfaces.  

3.4.10.3 Soft matter can self-assemble into structures of interest to the nano-fabrication 
community and could represent an interdisciplinary opportunity for spectacular 
breakthroughs. Carbon nanotubes will start to replace carbon fibre, and some of the 
problems such as the alignment of the nanotubes and processing will be solved. 
Layered silicate polymer nanocomposites will be prepared by using in situ 
polymerisation of intercalated monomers and melt blending of silicate fillers with 
improved properties. Light activated nanoparticulate diagnostic and therapeutic agents 
will be developed. Carbon nanofibre growth at room temperature may be possible. 
Nanoropes (interlinked nanotubes) may not only be the ultimate tensile strength building 
material for nanotechnology but they may also be useful for hydrogen storage. 

3.4.10.4 The role of periodicity in the physical properties of the materials, where several 
electromagnetism-based quasi-particles can co-exist, is a possible development to 
harness the use of quantum mechanically describable properties of nanostructured 
matter. Research in nanophase hard magnetic materials will focus on the size and 
surface/interface effects in isolated and compacted nanoparticle/nanograins of material 
with high anisotropy. Some molecular magnets are transparent in the spectral region 
making them suitable for photomagnetic switches and optical data storage. Molecular 
magnets could also be suitable for data storage at low temperatures, and for use in 

                                                 
20 Carbon Nanotubes for large Area Displays (see http://canadis.crm-paris.com/ ) 
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perpendicularly aligned high-density storage devices. Their use in biomedicine will 
continue to grow. 

Table 3.20 - Short-Term Nano Science & Technology Predictions 

ID Area Field Prediction 
30 Chemistry   Carbon nanotube applications in electronics, including 

field-emission displays and electrically conductive 
plastics. 

27  Electrochemistry Development of new approaches for micro and 
nanopatterning of surfaces with the scanning 
electrochemical microscope. 

20  Inorganic 
Chemistry 

Better synthetic methods to make inorganic 
nanomaterials on a large scale. 

98  Macromolecular 
Chemistry 

Emergence of layered silicate polymer 
nanocomposites with pre-formed polymers. 
Improvement of many properties (e.g. flame 
retardancy, mechanical performances, thermal 
behaviour, combustion behaviour) while keeping good 
transparency, gloss and processability. 

26  Physical Organic 
Chemistry 

The use of scanning probe microscopy techniques to 
manipulate self-assembled structures at surfaces such 
that they may be used to store information at the 
nanometer scale. 

92  Theoretical & 
Computational 
Chemistry 

Preparation and theoretical studies of fullerenes and 
related nanostructures. 

1 Engineering Biomedical 
Engineering 

Nanoparticulate diagnostic and therapeutic agents 
activated using light. 

65  Electrical 
Engineering 

Semiconductor devices at the nanoscale with 
dimensions of 10 nm or less enabling computer chips 
that operate at or near 10GHz speeds and with more 
than 1 billion devices. 

47  Semiconductor 
Technology 

Cheap manufacturing technologies for nanostructured 
materials and devices. 

111  Solid State 
Electronics / 
Semiconductors

Carbon nano-fibre growth at room temperature. Nano-
ropes could be the ultimate tensile strength building 
material not only for nanotechnology but also for 
hydrogen storage. Other applications include electron 
emitters and high-density current carriers. 

111  Solid State 
Electronics / 
Semiconductors

Electron field emission from flat semiconducting thin 
films that have the potential to replace the electron 
source in displays and high power microwave 
amplifiers and replace incandescent lighting. 

68 Materials 
Science 

  Room temperature ferromagnetic semiconductor and 
demonstrations of practical devices such as spin-
FETs. 

74  Electronics Application of carbon nanotubes to various kinds of 
electron devices (e.g. field emitter for a microdisplay 
with ultra-low power consumption). 
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ID Area Field Prediction 
21  Physical 

Electronics 
The role of periodicity in the physical properties of the 
materials, where several electromagnetism-based 
quasi-particles can co-exist, is a likely development to 
harness the use of quantum mechanically describable 
properties of nanostructured matter. 

119  Physics Molecular magnets suitable for use in the areas of 
biomedical applications and perpendicularly aligned 
high-density storage devices. Some magnets are 
transparent in the spectral region and are suitable for 
photomagnetic switches and optical data storage. 

2 Physics Condensed 
Matter 

Carbon nanotubes will be used in large area displays 
and as a luminescent light source. The CANADIS 
project for carbon nanotubes for large area displays is 
now underway. Within five years we should know if this 
new technology will work. 

   Carbon nanotubes will start to replace carbon fibre, 
and some of the problems such as the alignment of the 
nanotubes and processing will be solved. 

64  Condensed 
Matter 

The use of molecular magnets for data storage at low 
temperatures. Several groups are working on growing 
films of molecular magnets. Research in this area may 
converge to the point where a bit of data can be stored 
on a single molecule. 

48  Experimental 
Condensed 
Matter Physics 

Nanoscience: a better understanding and control of the 
basic principles underlying self-assembly of nanoscale 
structures. A stronger synergism between physical & 
biological sciences leading to self-assembled 
functional, multi-level circuits and devices. 

121  Soft Condensed 
Matter 

Soft matter can self-assemble into structures of 
interest to the nano-fabrication community, and 
represent a genuinely interdisciplinary opportunity for 
spectacular breakthroughs, e.g. fabricating submicron 
'photonic' materials guided by external fields. 

93  Solid State 
Physics 

Research in nanophase hard magnetic materials will 
be focused on size and surface/interface effects in 
isolated and compacted nanoparticle/nanograins of 
materials with high anisotropy. 

 
3.4.10.5 In the long-term (Table 3.21) progress will be made connecting the nanoworld 

(nanostructures) to the real world (microstructures). Nanobiotechnology will continue to 
emerge as an important area. Researchers will increase their ability to tailor materials 
properties, and to design materials "atom by atom"; "self assembly" may also be 
possible. Dry colloid technology may be used to manufacture functional micro- and 
nanoparticles. Biomimetics will be used to incorporate biological aspects into 
nanotechnology materials giving them novel properties. 'Interface engineering' will play 
an important role in the use of nanoparticles as nanoreinforcements for polymer-based 
composites to produce final products for niche applications. 

3.4.10.6 Pulsed lasers and light sources may provide a means of confining thermal energy and 
stress energy into nanostructures. They could also provide an energy source for 
switching nanomachines on and off. Carbon nanotubes will be used in flat panel 
displays, cathode ray/microwave tubes, and any device using electron field emission 
technology. Nanodevices and nanoelectronics will be based on the nanotransistor, and 
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nanoelectrodes in living entities may be possible. Intelligent transparent displays 
constructed from wide band gap amorphous, nanocrystalline semiconductors could 
make windowpanes useful as a display with integrated circuits or solar power 
generators.  

Table 3.21 - Long-Term Nano Science & Technology Predictions 

ID Area Field Prediction 
110 Biomedical Engineering Light powered nanotechnology - pulsed lasers and 

light sources provide a means of confining thermal 
energy and stress energy into small structures. They 
could provide an energy source for nanomachines, for 
example to switch activity on and off. 

23 Biophysics Biomolecular 
Materials 

Micromachines inspired by non-equilibrium cellular 
machines. 

30 Chemistry   Development of molecular electronics. 
20  Inorganic 

Chemistry 
How to get from the nanoworld to the real world: 
connecting nanostructures to microstructures. 

47 Engineering Semiconductor 
Technology 

Nanobiotechnology: nantechnological devices that 
enhance control/monitoring of biologic processes (e.g. 
DNA analysis for every patient) and proteomics aided 
by nanotechnology. 

111  Solid State 
Electronics / 
Semiconductors

Intelligent displays or transparent electronics e.g. 
ordinary windowpanes could double up as many more 
application specific devices (e.g. generating solar 
energy, a sensor, display and embedded 
microprocessor functions). 

54 Materials 
Science 

Ceramics Biomimetics and the incorporation of biological aspects 
into material science will be used in nanotechnology 
and miniaturisation providing materials with novel 
properties. 

60  Composite 
Material, 
Electronic 
Packages 

Development of nano-composites reinforced with sub-
micron fillers. 'Interface engineering' will play an 
important role in the use of nano-particles as nano-
reinforcements for polymer-based composites to 
produce final products for niche applications. 

17  Semiconductor 
Physics 

Increased ability to tailor materials properties, and to 
design materials "atom by atom". More challenging is 
the creation of structures in the other dimensions and 
some "self assembly" may be possible. 

2 Physics Condensed 
Matter 

Carbon nanotubes used in flat panel displays, cathode 
ray/microwave tubes, and any device using electron 
field emission technology. Nanodevices and 
nanoelectronics based on the nano-transistor. Nano 
electrodes in living entities are possible. 

48  Experimental 
Condensed 
Matter Physics 

An increasingly interdisciplinary approach toward 
science; individual fields will lose much of their identity; 
synergistic approaches, such as nanoscience, will 
dominate. 

50  Plasma Physics A new technology called "dry" colloid technology that 
could be used to manufacture functional micro- and 
nano-particles with special mechanical, electrical 
and/or optical properties. 
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3.4.11 Optical & Quantum 

3.4.11.1 In the short-term (Table 3.22) significant advancements in telecommunications 
technology will occur such as: lower cost, increased bandwidth and reliability fibre optic 
communications, increased use of fibre amplifiers (e.g. Raman amplifiers) and use of 
soliton pulses and increased bandwidth LANs. High capacity fibre optic communications 
systems using non-linear techniques will become prevalent, optical regeneration will 
appear and integrated optics will finally become a key technology. A non-
semiconducting, light emission technology used in practical switches/routers in optical 
communication will be available. Integrated all-optical devices such as optical 
regenerators for use in optical transmission systems will be available. All-optical 
networks will trigger a demand in capacity for Internet communications and optical 
switching devices, and optical cross connects will be a significant development. 

3.4.11.2 High-density focal plane detector arrays will allow quantitative spectral imaging from 
Ultra Violet (UV) to Far Infra Red (IR). Fast electronic imagers for X-ray medical 
diagnostics and portal imaging will be available. Techniques for imaging objects residing 
in turbid media could exist. An integrated femtosecond laser source, and a low cost, 
tabletop x-ray laser operating at high repetition rate and below 45 Å, will be available. An 
optical correlator that will function as a co-processor embedded in a digital processing 
system and operate as a high-speed, low-precision pattern recognition device will be 
available. Small, fast, continuously variable, small-pixel, highly coupled spatial light 
modulators - a supporting technology for the optical correlator, will also be available. 

3.4.11.3 Photonic crystals will be applied in many applications of optical devices and the 
discovery of photonic crystals with a full photonic bandgap in the visible region may 
happen. The localisation of light will become available using photonic crystals. Single 
electronics in sensors and ultra high-density memory with a one-electron sensitivity will 
be available. Various types of low defect density AlN and GaN single crystalline 
substrates will be available resulting in the development of GaN-based devices, 
especially high power lasers. 

3.4.11.4 Quantum technologies using quantum-state coherence to perform novel functions 
including quantum information technology will emerge. Magnetic Random Access 
Memories (MRAM) and spin transistors based on magnetic semiconductors will be 
available. Magnetic dot logic circuits (microprocessors) will become available. Non-
volatile ferroelectric RAM will supersede semiconductor and magnetic devices. Mass 
production of MRAM based on tunnelling magneto-resistance might be expected after 
2005. There will be significant developments in the use of SQUIDs based on high 
temperature superconductors for making simple devices used in nondestructive 
evaluation. Digital devices based on superconducting elements (e.g. Josephson 
junctions), magnetoresistive elements to manipulate single magnetic flux quanta and 
magnetoresistive elements for magnetic readout. 
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Table 3.22 - Short-Term Optical & Quantum Predictions 

ID Area Field Prediction 
81 Earth & 

Space 
Science 

Atmospheric 
Physics 

High-density focal plane detector arrays will allow 
quantitative spectral imaging from UV to Far IR. 

73 Engineering Optical 
Communications

Integrated all-optical devices such as optical 
regenerators for use in optical transmission 
systems. 

105  Optical 
Information 
Processing 

A critical optical correlator supporting technology 
will be small, fast, continuously variable, small-pixel, 
highly coupled (in phase and amplitude) spatial light 
modulators. 

   An optical correlator that will function as a co-
processor to be embedded into a digital processing 
system. It will operate as a high-speed, low-
precision pattern recognition device. 

76  Optoelectronics Vertical Cavity Surface Emitting Laser (VCSEL) 
based telecommunications data links at 40Gbit/sec.

   Commercially viable VCSELS at 1550nm 
wavelength 

51 Engineering Photonics High capacity fibre optic communications systems 
using non-linear techniques will become more 
adopted, optical regeneration will appear, and 
integrated optics will finally become a key 
technology. 

47 Engineering Semiconductor 
Technology 

Integrated femtosecond laser sources. 

68 Materials 
Science 

  Non-semiconducting, light emission technology 
practical switches/routers for optical 
communication. 

74  Electronics Application of single electronics to the sensor with 
one electron sensitivity, and to the ultra high-density 
memory. 

83  Silicon 
Technology 

Continuous development of the all-optical networks 
triggering a demand in capacity for internet 
communications. Optical switching devices and 
optical cross connects will be the most significant 
developments. 

107 Physics Experimental 
Solid State 
Physics 

Significant developments in the field of SQUIDs 
used as sensors to detect magnetic fields based on 
high temperature superconductors to make simple 
devices e.g. for nondestructive evaluation or 
magnetocardiography. 

   Digital devices based on superconducting elements 
(Josephson junctions) or magnetoresistive elements 
(devices based on Giant Magnetoresistance (GMR), 
Colossal Magnetoresistance (CMR) or Tunnel 
Magneto Resonance (TMR)) e.g. Josephson 
elements to manipulate single magnetic flux quanta 
and magnetoresistive elements for magnetic 
readout. 
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ID Area Field Prediction 
40  High Energy 

Physics-
Elementary 
Particles 

Fast electronics imagers for X-ray medical 
diagnostics and portal imaging. 

56  Laser-Produced 
Plasma Physics 

A tabletop x-ray laser operating at high repetition 
rate (10 Hz or greater) within the water window 
(below 45 Å) at low cost. 

7  Optical Physics Discovery of a full photonic bandgap. 
   Imaging of objects residing in turbid media. 
82   Significant advancements in telecommunications 

technology will occur: lower cost, increased 
bandwidth and reliability fibre optic communications, 
increased use of fibre amplifiers (e.g. Raman 
amplifiers), use of soliton pulses and increased 
bandwidth Local Area Networks (LANs). 

88   Emergence of quantum technologies (use quantum-
state coherence to perform novel functions), 
including quantum information technology (e.g. 
quantum key distribution for data encryption or 
cryptology applications). 

52  Semiconductor 
Physics 

Various types of low defect density AlN and GaN 
single crystalline substrates will be available. This 
will result in the development of GaN-based devices 
especially high power lasers. 

96  Solid State 
Physics 

MRAMs are less volatile, more scalable, and need 
less power than DRAMs. They are based on 
Tunnelling Magneto-Resistance (TMR) effect of 
magnetic tunnel junctions. MRAM prototypes exist 
but a mass production is not to be expected before 
2005. 

122   Photonic crystals will be applied in many 
applications of optical devices. The localisation of 
light will become available using photonic crystals. 

   MRAM and spin transistors based on magnetic 
semiconductors will be available. Magnetic dot logic 
circuits (microprocessors) will become available. 
Non-volatile ferroelectric RAM will be competitive to 
semiconductor and magnetic devices. 

 
 
3.4.11.5 In the long-term (Table 3.23) there will be enormous advances in quantum computing 

and quantum communication using entangled quantum mechanical states (qubits). 
Quantum computers may become practical, and special algorithms for quantum 
computers will be devised that are faster than their counterparts for traditional 
computers. Quantum computers and quantum cryptography techniques will increase the 
speed of computers by orders of magnitude and replace current data encryption 
technologies. Spin-electronics may lead to spin-transistors and magnetic 
semiconductors for use in spin-based solid-state quantum computers. Also, if quantum 
computers are a viable possibility the process of trying to develop them it will lead to the 
discovery of important effects in basic physics.  

3.4.11.6 Optical networks will become “All optical”. They will make use of a wide selection of 
novel planar components, including planar amplifiers. Very high capacity systems, 
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particularly local loop systems, will use femtosecond pulses. “All-optical” computing 
devices, with a different architecture to current parallel electronic systems, will be 
available and these systems will do serial computation of data 'on the fly' and eliminate 
the need for conversion between the electronic and optical domains. The optical 
correlator will find uses in health care, manufacturing and military applications. X-ray 
lasers will be used routinely in the high technology industries for example to measure 
the properties of new materials. Multichip modules, integrating electronics and photonics 
using 2-dimensional arrays of high speed VCSELs and detectors, will be used for the 
data bus in applications such as main processor to RAM data flow. 

Table 3.23 - Long-Term Optical & Quantum Predictions 

ID Area Field Prediction 
39 Computer 

Science 
Numerical 
Analysis 

There will be enormous advances in quantum 
computing and quantum communication. Quantum 
computers will become practical and special 
algorithms for quantum computers will be devised that 
are faster than their counterparts for traditional 
computers. 

73 Engineering Optical 
Communications

“All-optical” computing devices with a different 
architecture to current parallel electronic systems. The 
systems will involve serial computation of data 'on the 
fly' and will eliminate the need for conversion between 
the electronic and optical domains. 

105  Optical 
Information 
Processing 

Optical correlator applications: health care (scanning 
microscope smears for abnormal cells), manufacturing 
(detection of incorrect parts) and military (fast enough 
pattern recognition to build smart munitions). 

76  Optoelectronics Multichip modules integrating electronics and 
photonics using 2-dimensional arrays of high speed 
VCSELs, and detectors for the data bus in applications 
such as main processor to RAM data flow. 

51  Photonics Optical networks will become “All-optical”; they will 
make use of wider selections of novel planar 
components, including planar amplifiers. Very high 
capacity systems, particularly local loop systems, will 
use femtosecond pulses. 

68 Materials 
Science 

  Computing with single electrons and quantum states – 
quantum computing. 

74  Electronics Application of electron spin to the information electron 
devices, such as a spin transistor, spin memory, and 
spin logic devices. 

21  Physical 
Electronics 

The realisation of (a) a quantum computer and (b) a 
biological computer. 

83  Silicon 
Technology 

“Fibre to the home” meaning development of low cost, 
easy to install optical components. 

107 Physics Experimental 
Solid State 
Physics 

Using entangled quantum mechanical states (qubits). 
Even if quantum computers cannot be realised it will 
lead to the discovery of important effects in basic 
physics. The techniques will create spin-offs into other 
fields of electronics. 
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ID Area Field Prediction 
56  Laser-Produced 

Plasma Physics 
X-ray lasers being used routinely in high technology 
industries away from being merely a research project 
in a laboratory e.g. measuring the properties of new 
materials relevant to the electronics and computer 
industries. 

7  Optical Physics Full control of manufacturing of all optical integrated 
devices. 

82   Computations will increase in speed by orders of 
magnitude, current data encryption technologies will 
become obsolete due to quantum computers and 
quantum cryptography techniques will be required as 
replacement. 

96  Solid State 
Physics 

Spin-electronics:  spin-injection of spin-polarised 
carriers into a semi-conductor; spin-polarised transport 
in a semi-conductor; spin-transistor; magnetic 
semiconductors or half-metallic compounds; spin-
based solid-state quantum computers. 

 

3.5 Potential technology spin-offs from emerging developments in science 

3.5.1 The experts were asked to indicate which technology sectors selected from a list of 24 
sectors might benefit from spin-offs from their predicted emerging developments. Table 
3.24 and Table 3.25 list the number of predictions in each emerging development 
category for each technology sector that respondents indicated might benefit from spin-
offs. For example, fourteen short-term predictions indicated that emerging developments 
in nano science and technology might generate spin-offs that could benefit the computer 
hardware, defence and electronics sectors. The final column in each table indicates the 
total number of predictions across all emerging development categories with spin-offs 
that could potentially affect each technology sector.  

3.5.2 The three or four sectors in each emerging development category that might gain the 
most spin-off benefits in the long-term have been indicated in bold numbers. Overall, the 
five technology sectors that are expected to gain the most spin-offs are the computer 
hardware; electronics; health products; health services and pharmaceuticals sectors. 
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Table 3.24 - Technology Spin-off Areas from Short-Term Emerging Developments 

Technology Sector 
Atomic & 

Stellar Matter 
Biology & 
Biosphere 

Biomedical & 
Clinical 

Chemical & 
Materials 

Computers & 
Robotics 

Genomics & 
Proteomics 

Mathematical & 
Computational

Molecular 
Matter 

Nano Science 
& Technology

Optical & 
Quantum Total 

None 2      2    4 
Aerospace 3 2 1 3 5 2 8 5 11 6 46 
Agriculture  1 4 4 4 2 3 2 2 2 24 
Banking     2  2 3 2  9 
Computer Hardware 4 1 3 2 3  10 3 14 10 50 
Computer Services 2  4  6 1 4 1 1 5 24 
Computer Software 7 2 5 2 6 3 15 2 2 2 46 
Chemicals 2  7 14  1 7 6 9 2 48 
Defence 2 1 3 4 6 1 6 5 14 6 48 
Electronics 7  2 5 2  6 9 14 13 58 
Energy 1   9 2  7 4 12 3 38 
Engineering 2  4 13 3  14 5 9 7 57 
Food & Beverage   4 8 1 1 3 3 3 2 25 
Health Products   25 9 3 2 6 4 6 3 58 
Health Services   22 1 5 5 3 1 2 3 42 
Manufacturing 3  6 12 4 1 5 5 3 4 43 
Maritime  1 4 2 3  3 1  3 17 
Pharmaceuticals   22 10  5 9 6 5 1 58 
Telecommunications 3  3 2 7  6 3 14 14 52 
Transportation    9 3  6 4 2 1 25 
Utilities 1   2 1  2 2   8 
Other 3 1 2 4 2 1 2 1   2 18 
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Table 3.25 - Technology Spin-off Areas from Long-Term Emerging Developments 

Technology Sector 
Atomic & 

Stellar Matter 
Biology & 
Biosphere 

Biomedical & 
Clinical 

Chemical & 
Materials 

Computers & 
Robotics 

Genomics & 
Proteomics 

Mathematical & 
Computational

Molecular 
Matter 

Nano Science 
& Technology

Optical & 
Quantum Total 

None 4  1        5 
Aerospace   2 1 1 3 2 2 1 1 13 
Agriculture  2 1 2 1  4 2 4 6 22 
Banking     2  1   2 5 
Computer Hardware 2 1 1 1 2  6 7 6 11 37 
Computer Services   4  4 1 2 1  4 16 
Computer Software 3 1 3  3 2 7 2 1 9 31 
Chemicals 2  3 7 1 1 4 3 4 1 26 
Defence   4 4 2  4 3 5 6 28 
Electronics 4  3 3 3 1 3 6 9 13 45 
Energy 1 1 1 8 1  3 4 5 3 27 
Engineering 1  2 4 1  7 4 7 5 31 
Food & Beverage   2 3 2 1 1 1 2 1 13 
Health Products 1  13 4 1 3 4 4 4 1 35 
Health Services  1 14 2 4 5 1 4 3 3 37 
Manufacturing 2  3 5 2 1 4 3 6 4 30 
Maritime  1 2 2 1  3  1 3 13 
Pharmaceuticals 1  12 5 1 4 3 4 5 2 37 
Telecommunications 1  1 1 3  2 7 4 12 31 
Transportation   1 6 2  3 1 2 2 17 
Utilities 2 1 1 3 1  1 2  1 12 
Other 1 1 2 3 1           8 
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3.6 Summary of Emerging Developments in Science  

3.6.1 This chapter examined 190 short-term and 111 long-term predicted emerging 
developments in science and engineering from experts in a variety of research areas. 
The experts were selected using co-citation analysis and their predictions were collected 
using a Web-based questionnaire. Each prediction was summarised and categorised 
into one of ten emerging development categories. The short and long-term prediction 
summaries in each emerging development category were collated into a coherent 
overview and the summary details were presented in tables. Finally, the potential for 
technology spin-offs from each emerging development category was explored. 

3.6.2 Some experts described specific emerging developments, some experts discussed 
broad emerging trends in their field and still others blended both approaches. Emerging 
development categories such as Atomic & Stellar Matter, Biology & Biosphere, 
Biomedical & Clinical, Computers & Robotics and Genomics & Proteomics were closely 
aligned with conventional science areas while other categories such as Mathematical & 
Computational and Nano Science & Technology contained predictions from almost 
every area of science. It is possible that emerging developments in the later categories 
may have a broader impact. 

3.6.3 Although no attempt was made to synthesis a general overview of all of the predictions, 
a few common threads do seem to emerge. It appears that potential developments in 
mathematical and computational methods could underpin continued progress in many 
research areas. There seems to be a drive to simulate phenomena from first principles. 
Also, there appears to be an increasing need for new methods that can efficiently handle 
many entities, many variable problems, particularly to facilitate research that explores 
dynamic non-linear systems, self-assembly processes and complex mesoscale 
organisation. Two emerging development categories, Nano Science & Technology and 
Optical & Quantum, contain predictions that hold some promise to produce some 
profound advances that might facilitate novel developments in mathematical and 
computational methods. For example, all optical computers and networks may be just 
over the horizon while nanoscale and quantum developments could yield devices and 
machines with novel and powerful computing capabilities. 

4 Factors and Forces Affecting Emerging Developments 

4.1 This chapter examines how the experts imagine a range of factors and driving forces 
might affect their predictions. Firstly, we examine what experts believe might happen to 
funding, the number of graduate students and extent of collaboration in their research 
areas within the next five years. Secondly, we explore how important various factors in 
the human resources, mathematics, computer, materials and instrumentation areas are 
to achieving their predictions. 

4.2 Factors Affecting Developments 

4.2.1 Experts were requested to indicate how a variety of factors might affect their predicted 
emerging developments. They were asked to predict if general funding, applied funding, 
number of graduate students and various types of collaboration (such as intra-sectoral21, 

                                                 
21 An intra-sectoral collaboration involves a collaboration between individuals from institutions in the same 
sector e.g. university-university collaboration. 
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inter-sectoral22, international and interdisciplinary) would increase, decrease, stay the 
same or cannot predict. The results are summarised in Table 4.1. 

 

Table 4.1- Factors Affecting Emerging Developments 

 Funding  Collaboration 

Response General Applied
Graduate 
Students

Inter-
sectoral

Intra-
sectoral 

Inter-
national 

Inter-
disciplinary

No response 1 1 1 1 1 2 3 
Increase 66 68 44 84 87 94 94 
Decrease 6 8 32 3 1 2 0 
Stay the same 38 34 34 30 28 20 19 
Cannot predict 11 11 11 4 5 4 6 
Total 122 122 122 122 122 122 122 

 
4.2.2 The largest response came from experts who predicted that funding, number of 

graduate students and collaboration would increase in the future. More than 70% of the 
responses suggest that all type of collaboration of will increase and 16-25% of the 
experts believe it will remain the same as it is. Almost no one thinks it will decrease. 
There is a similar optimism about funding. Approximately 55% of the responses think 
that general and applied funding will increase and 28-31% believes it will stay the same. 
In contrast there is less optimism about the number of graduate students. While the 38% 
of the experts believe that the number of graduate students will increase, 28% of them 
think the number will stay the same and 26% think it will decrease. 

4.3 Driving Forces Affecting Developments 

4.3.1 Experts were asked to rate the importance of a number of driving forces in science 
identified in the general areas of human resources, mathematics, computers, materials 
and instrumentation according to the affect they may have on achieving the predicted 
developments. Most of the items on the list have been established in a variety of studies 
to be driving forces that affect the rate of development of science. Table 4.2 lists the 
areas and items that experts were asked to rate on a scale from 1, not important, to 5, 
very important. Also, the table gives the weighted average of the ratings for each item 
and its rank determined using the weighted averages of all items. 

Table 4.2 - Driving Forces Affecting Emerging Developments 

  Rating*  Weighted  
Area Items 1 2 3 4 5   Average Rank
Human Resources Graduate Students 1 3 17 31 64 4.3 2 
 Post Docs 1 3 11 36 66 4.4 1 
 Technicians 8 15 36 26 33 3.5 11 
Mathematical Techniques 6 16 36 36 23 3.5 12 
Computer Algorithms 6 12 21 41 37 3.8 6 
 Hardware 5 13 27 37 35 3.7 9 
 Data Visualisation 5 17 35 27 32 3.6 10 
Materials Organic 25 14 16 24 36 3.3 14 
 Inorganic 22 14 15 25 38 3.4 13 

                                                 
22 An inter-sectoral collaboration involves a collaboration between individuals from institutions in different 
sectors e.g. university-industry collaboration. 
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  Rating*  Weighted  
Area Items 1 2 3 4 5   Average Rank
Instrumentation Sensitivity 13 7 10 34 52 3.9 4 
 Selectivity 15 6 18 32 44 3.7 8 
 Resolution 13 4 13 32 54 4.0 3 
 Stability 13 9 13 33 47 3.8 5 
 Data Acquisition 12 7 21 33 43 3.8 7 

* Ratings: 1 = not important and 5 = very important 
 
4.3.2 The experts indicate that access to post doctoral fellows and graduate students are the 

most important driving forces that could the impact their predictions. 87% and 82%, 
respectively, of the respondents rated the importance of these human resources at 4 or 
5. In contrast, access to technicians was not rated nearly as important. The next most 
important driving forces that could affect their predictions are instrumentation resolution, 
sensitivity and stability. 74%, 74% and 70%, respectively, of the experts gave these 
instrumentation attributes a rating of 4 or 5. Computer algorithm and instrumentation 
selectivity and data acquisition are ranked next in importance with a weighted average 
of 3.7 - 3.8. The items with the lowest weighted average importance were data 
visualisation, mathematical techniques and inorganic and organic materials. 

4.4 Driving Forces in Different Research Areas. 

4.4.1 Table 4.3 shows the differences in perceived affect of the driving forces in different 
areas of research.  

Table 4.3 Driving Forces affecting emerging areas in different research areas. 
 

Area Items Astronomy, 
Earth & 
Space 
Science and 
Physics 

Biomedical, 
Biophysics 
and Clinical 
Medicine 

Engineering 
& Materials 
Science 

Chemistry Computer 
Science and 
Mathematics

Human 
Resources 

Graduate 
Students 

4.3 4.3 4.5 4.0 4.6 

 Post Docs 4.5 4.6 4.3 4.2 4.0 
 Technicians 3.6 3.9 3.6 3.1 2.9 

Mathematical Techniques 3.5 3.1 3.6 3.1 4.1 
Computer Algorithms 4.0 3.7 3.6 3.4 4.1 

 Hardware 4.0 3.7 3.6 3.5 3.6 
 Data 
Visualisation 

3.6 3.8 3.5 3.6 2.7 

Materials Organic 2.6 3.9 3.5 4.0 1.9 
 Inorganic 3.4 3.1 3.7 3.9 1.9 

Instrumentation Sensitivity 3.9 3.9 4.0 4.1 2.3 
 Selectivity 3.6 3.8 3.6 4.2 2.3 
 Resolution 4.1 3.8 3.9 4.2 2.3 
 Stability 3.9 3.8 3.8 4.0 2.3 
 Data 
Acquisition 

3.9 3.9 3.6 4.0 2.3 

 
4.4.2 The overall trends in the five areas of research are similar. Graduate and Post Doctoral 

Human Resources are seen as the two most important factors in all of the research 
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areas. As might be expected Instrumentation and Materials are rated as less important 
in the area of Computer Science and Mathematics compared to other research areas. 
Algorithms and Hardware show a very similar scoring throughout the five research 
areas. Instrumentation Selectivity and Resolution, Stability and Data Acquisition are 
given a high scoring in the field of Chemistry, jointly most important along with Post 
Doctorate and Graduate Students.  

4.5 Summary of Factors and Forces Affecting Developments 

4.6 Experts appear to be quite optimistic that funding and all types of collaboration will 
increase in their area of research over the next five years. They are less optimistic that 
the number of graduate students will increase. They believe that access to post doctoral 
fellows, graduate students and improved instrumentation and computer algorithms and 
hardware important to achieving their predictions. 

5 Difficulties and Remedies 

5.1 A number of difficulties were encountered with the Science Foresight Project design and 
its administration. This section discusses the difficulties that were encountered, the 
solutions that were implemented and suggests possible future remedies. 

5.2 The Project Web Site 

5.2.1 A project web site (http://www.sussex.ac.uk/spru/foresight) was created, composed of a 
publicly accessible area and a password protected area. The public area contained: 

• a brief introduction to the project, 

• a detailed description of the methodology used to select the experts, 

• a collection of science foresight definitions, and 

• links to ISI's web site that gives a description of the Research Front's database and 
an article discussing the characteristics of co-citation analysis. 

5.2.2 The secure area of the website was composed of two parts. One part provided the 
participant with access to the on-line questionnaire. The other part invited the 
participants to assist us to contact the other authors listed on the paper by providing us 
with a contact email address for each co-author.  

5.2.3 The participants were advised that personal information in the questionnaire and the 
contact email addresses are confidential. Once the questionnaire had been completed 
and submitted, the participant was asked if they would like to receive an electronic copy 
of the final report once it is made available to the public. 

5.2.4 A couple of peculiar problems were encountered. A few respondents sent an email 
indicating that they could not log into the secure portion of the web site. In every 
instance it was found that these respondents had not read the part of the letter and the 
follow-up email that indicated that the username and password were case sensitive. A 
short email explaining this fact seemed to resolve the difficulty. Other respondents could 
not determine which link on the home page to use to gain access to the secure part of 
the web site with the questionnaire. A small change was made to the home page to 

http://www.sussex.ac.uk/spru/foresight
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improve the visibility of this link. 

5.3 The Questionnaire 

5.3.1 The use of Internet and Web based methods to administer a foresight activity is 
relatively novel. In fact, the use of an on-line questionnaire to administer international 
surveys is new and it is still considered by some people to be a risky technique. 
However, unlike the general population who until recently have had limited access to the 
Internet, the science and technology community, particularly the academic community, 
has had access to the Internet for a considerable amount of time. We thought that the 
risk involved in administering an on-line questionnaire to this community was 
considerably lower than it would be to administer to other communities. No doubt as 
investigators become familiar with the cost-effectiveness of administering large 
international surveys on the Internet this technique will become quite common.  

5.3.2 Adobe Acrobat pdf forms are becoming a de-facto standard for administering on-line 
forms. In fact many government agencies throughout the world use pdf forms e.g. for 
administering applications to purchase licenses and order documents on-line. The 
questionnaire was prepared in Adobe Acrobat forms format and the experts could 
answer it by accessing a secure part of the project web site and filling it in using a 
standard Web browser equipped with a recent version of Acrobat Reader. In general 
most participants in the Science Foresight Project had no difficulty filling out the 
questionnaire and submitting their responses. However, a few minor technical difficulties 
were encountered.  

5.3.3 16 respondents encountered difficulties with the pdf questionnaire. The difficulties 
occurred for a variety of reasons. For example, a few respondents had an early version 
of Acrobat Reader (e.g. version 3.1) installed on their machines. Some earlier versions 
allowed the user to fill in a form but it would not allow them to submit it back to the web 
server. Even though Acrobat Reader is free, either the respondent or their computing 
services departments had not and would not upgrade to the latest version. Also, some 
respondents had altered the standard configuration of Reader from a browser plug-in 
application to a helper application. This change bypassed the security features built in to 
the browser and prevented it from being able to submit the form to the secured web site. 
Finally, Acrobat Reader running under some versions of the Unix operating system (e.g. 
Linux) does not support pdf forms. In each instance when a problem was encountered 
the respondent was asked to submit the questionnaire by email, post or fax. These 
responses were then manually entered into the questionnaire database. 

5.3.4 This use of an on-line technique to administer the foresight questionnaire was efficient 
and cost-effective. As the acceptance of Internet-based technologies increases and as 
on-line forms technology improves and becomes more standardised, an on-line 
approach to handling international surveys will likely become a de-facto standard.  

5.4 Email and Response Time 

5.4.1 In the original project design insufficient time was allocated for participants to respond to 
the questionnaire. Due to busy schedules, many researchers required up to three 
months from the time they received the invitation to participate in the project before they 
could find time to answer to the questionnaire. The use of email simplified the problem 
of sending follow-up information and handling enquiries and unusual problems. Also, 
email was useful for preparing correspondence in a professional manner and helpful for 
conveying to the recipient the importance of their contribution to the project in a personal 
and friendly manner. During the course of administering the questionnaire about 200 
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email messages were sent and about 130 emails were received. Many of these emails 
were related to handling co-author invitations. Preparing and answering this number of 
emails is time consuming. No time was allocated in the original project proposal for this 
activity and this oversight should be remedied in future projects. However, there is no 
doubt that this method of communication is more efficient and cost-effective than the 
traditional method of corresponding through the post. 

5.5 Co-authors Invitations and Responses 

5.5.1 At the project web site, a form was available for the contact author to provide the email 
addresses of co-authors who they thought might be interested in answering the 
questionnaire. Originally 481 authors were contacted, but in total 2120 authors where 
listed on the papers. It is well known that some of the authors named on a paper have 
not made a significant contribution to the research so the number of contributing authors 
could be much less than 2120. We hoped the contact author would provide the email 
addresses of the other significant contributors. However, we were not sure if and how 
many contact authors would provide this information. 

5.5.2 We had hoped that the mechanism for sending email invitations to co-authors could be 
completely automated. On closer examination we found that a completely automated 
email process could produce some security problems that might compromise the 
integrity of the questionnaire responses. In order to overcome this unforeseen difficulty 
in a cost-effective manner a semi-automated approach was adopted.  

5.5.3 Email addresses were collected using an html form and the results stored in a database. 
A standard email invitation was prepared and the information from the database was 
entered into the appropriate part of the email. The invitation provided background on the 
project and invited the recipient to answer the questionnaire at the project web site. A 
pdf copy of the letter that was sent to the contact author was also attached to the email. 
The recipient was asked to reply to the email invitation if they were interested in 
participating in the project. A follow-up email, containing a username and password for 
access to the secure part of the web site containing the questionnaire, was sent to those 
individuals who expressed an interest in participating in the project. 

5.5.4 71 email invitations were sent to co-authors. 38 co-authors replied and indicated a 
willingness to participate in the project. However, even though a reminder email was 
sent out on May 28th 2001 to those who had agreed to participate in the project, only 8 
co-authors actually completed the questionnaire. In the course of exchanging emails 
with some contact authors and co-authors, it was discovered that there was a common 
feeling that if one author of a paper had answered the questionnaire then that author 
had responded on behalf of all the authors of the paper. In fact, in some instances the 
contact author designated a particular co-author to respond on behalf of the group of 
authors. Although this result was unexpected, in retrospect it seems reasonable. 
However, it would be interesting to determine how strong the relationship is between co-
authoring a paper and a group of researchers having a common view of the future of the 
research in the field. It could simply be that some researchers see policy driven 
questionnaires as an imposition on their busy agendas, and are content to know that at 
least one author in the group has been consulted.  

5.5.5 While an overall response rate to the questionnaire of nearly 24% is reasonable, the 
question raised by the preceding finding, and the question of how to increase the 
response rate, will have to be explored more closely in the future. Perhaps future studies 
might explicitly ask the contact author to forward the invitation to the co-author who is 
most suited to respond on behalf of the group of co-authors. Also, some consideration 
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might be given to inviting a prestigious international organisation such as the Royal 
Society, or a reputable journal such as Science or Nature, to be involved in project. This 
would likely increase the response rate considerably. 

5.6 Telephone Interviews 

5.6.1 The original project design included a large number of telephone interviews. A number 
of factors interfered with this activity. The first problem that was encountered related to a 
time constraint. As noted above not enough time was allotted for the experts to respond 
to the questionnaire, and no time was allocated to handle the large volume of email. 
This meant that the time slot assigned for telephone interviews had to be moved back. 
Secondly, it was anticipated that more co-authors would reply to the questionnaire and 
this would increase the sample size. As indicated in the preceding section this was not 
the case and the number of telephone interviews was significantly reduced. Once the 
analysis of the predictions was complete it was obvious that the written responses were 
much richer in detail than expected. In addition, it became obvious that only individuals 
with detailed knowledge in specific research fields could conduct meaningful interviews 
that might elicit more useful information. Recall that predictions were being gathered 
across 66 physical and engineering sciences. The project only had two part time people 
dedicated to it. The most they could hope to accomplish was to conduct interviews that 
could gather some general background information. Finally, it was decided to forego the 
interviews since it was felt that they would not contribute much additional information to 
the project. It would be helpful if knowledgeable resources were available to help with 
interviews if they are needed in future projects. 

5.7 Prediction Summaries and Presentation 

5.7.1 A simple approach was adopted to report and classify each prediction, no attempt was 
made to judge, criticise or interpret a predicted emerging development. The accuracy of 
the predictions is left to the reader and the passage of time. This approach was used for 
two reasons. First, it circumvented some of the problems associated with other foresight 
methods (e.g. Delphi method) that can result in over-generalising and trivialising the 
predictions. Secondly, while the full predictions would be a much richer source of 
information to the reader, the summaries are necessary to produce a paper version of 
the final report that is of a reasonable size. However, this approach presented two 
difficulties. 

5.7.2 First, a summary was constructed by extracting one or two sentences from each 
prediction that appeared to summarise the main focus of the emerging development in 
the author’s own words. However, without some basic knowledge about the research 
field it can be difficult to extract the proper sentences that accurately summarise it. 
Furthermore in the apparent absence of a summary sentence, a person without 
adequate background knowledge of the general research area will find it difficult, if not 
impossible, to create a summary that accurately reflects the essence of the prediction. 
The project design did not include access to skilled resources to help with the 
summaries and classifications, and underestimated the amount of time required to 
prepare the summaries. In fact, it took almost four times as long to complete this part of 
the project than anticipated. Finally, in future projects it would be helpful to have access 
to individuals with knowledge about a variety of research fields to assist with summary 
preparation.  

5.7.3 Secondly, the summaries do not reflect the true richness of the predictions that were 
received but if a concise and condensed final report is required then they are necessary. 
However, by presenting the report not only on paper but also in an electronic media 
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such as a web site, then hyperlinks could be created from the summaries to the rich 
detail on which the report was based. This is a more appropriate way to present fertile 
and valuable information of this type because the hyperlinks can be used to portray the 
interrelationships between such things as the research fields, the predictions, the 
emerging development categories and potential technology spin-offs. 

5.8 Summary 

5.8.1 Many of the difficulties that were encountered were minor and could be easily corrected 
over the course of the project. As the use of Internet and Web based technologies 
matures, widely adopted standards will evolve for administering secure on-line 
questionnaires and fewer difficulties will be encountered. Close attention has to be paid 
to the allocation of time and availability of knowledgeable resources for various tasks in 
future Science Foresight projects. More time has to be allowed for experts to respond to 
the questionnaire and handle email communications. Assistance from individuals with 
backgrounds in a variety of research areas would be useful to help prepare the 
summaries and conduct telephone interviews to clarify some subtle points made in the 
predictions. Finally, from the outset of the project consideration should be given as to 
how to present the richness of the findings in an electronic media such as a web site. 

6 Observations and Recommendations 

6.1 An inherent difficulty with any foresight activity is that it is not possible to determine the 
value and significance of the predictions until some time in the future. Therefore, many 
important questions that arise from this project cannot be answered for at least a few 
years. For example, we will have to wait to see if the visions of emerging research 
developments from experts selected through the use of co-citation analysis are 
accurate. We will not be able to determine if the predictions had value to research 
planners and policy analysts until later. In addition, we cannot currently comment on the 
accuracy of the projected technology spin-offs. However, there are some interesting 
observations and recommendations that can be made based on the information the 
experts provided on how various factors and driving forces could affect the outcome of 
their predictions. Also, some remarks can be made about the effectiveness of the 
process that was used to administer the foresight process and collect the predictions. 

6.2 Co-citation Techniques for Selecting Authors 

6.2.1 The first observation that can made is that the use of objective co-citation techniques to 
select authors of papers in research fronts who were invited to act as experts for this 
project produced responses from an internationally recognised group of senior 
experienced researchers. They are internationally recognised in the sense that their 
papers were published in prestigious journals and were highly cited and co-cited by 
other papers published in international journals. The distribution of the numbers of 
researchers that responded from each national science system closely paralleled the 
size of the system though there is an English language bias. They are senior 
researchers in the sense that the majority of the responses came from professors or 
senior scientists who have been involved in their fields of research for 10 to 30 years. In 
addition, an inspection of the institutional websites at which these experts work revealed 
that they occupy positions that range from institute director and department head to 
research group manager. Unfortunately, we will have to wait to see if this group of 
experts has an accurate vision of emerging developments in their research fields. 
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6.3 Driving Forces 

6.3.1 There is overwhelming agreement among the experts that access to post doctoral 
fellows and graduate students, improved instrumentation and better computer 
algorithms and hardware are important driving forces that will affect advances in almost 
all fields of research. Of the driving forces the experts were asked to rank, access to 
post doctoral researchers and graduate students rated highest. This is interesting from 
the perspective that while improvements in instruments and computers are dependent 
on research advances and not easy to control better support for students and post 
doctoral researchers are under the control of funding agencies. Perhaps one cost-
effective way that a science system can guarantee that it plays a prominent role in 
emerging research developments is by increasing its effort to attract, train and financially 
support young researchers.   

6.3.2 Some of the results derived from the ratings of factors that influence research are 
worrying in light of the preceding observation. Only 36% of the experts think that the 
number of graduate students in their fields will increase, 28% think that the number will 
remain the same and 26% think it will decrease. On the other hand, about 85% of the 
experts think that research funding will increase or stay the same. In other words, 
access to graduate students is a major driving force that can affect a prediction and 
there is a sense that research funding may be generally adequate but there is a feeling 
by some experts that the number of graduate students may not increase. The reason 
that this is worrying is that by its nature a research front is usually in or will soon be in an 
expansion phase. This means they will require access to more skilled human resources 
such as graduate students. However, some researchers in these fronts are suggesting 
that access to graduate students may remain the same or decrease. Is this because 
students are more attracted to mainstream research activities as opposed to novel areas 
that are smaller and less visible? Is it related to lack of financial support for graduate 
students? Or are the findings attributable to some other factors? Perhaps this situation 
warrants further investigation. 

6.3.3 It appears that increased research collaboration will continue to be a factor in research 
fronts. Over 68% of expert responses indicated that collaboration between institutions in 
the same sector and different sectors will increase. Over 77% of the experts indicated 
that international and interdisciplinary collaboration will increase. Perhaps this reflects 
the fact that many of the predicted emerging developments are broad in scope in the 
sense that they could impact a significant part of a research discipline or even many 
disciplines. Might this suggest that a large amount of collaborative research, specifically 
interdisciplinary research collaboration, is part of the characteristic signature of a 
research front? Could this be one of the important signs of an emerging development?  

6.4 Methodology 

6.4.1 One of the main goals of this project was to develop and test a timely and effective way 
of administering an international science foresight activity. The Science Foresight 
Project involved two people on a part-time basis, Dr. Sylvan Katz from SPRU and Ms. 
Sally Stewart from Dstl, and two additional resources, Professor Ben Martin from SPRU 
and Dr. Theresa Gow from Dstl, who were consulted on specific matters. Other than the 
cost of purchasing the co-citation data from ISI and a few incidental costs for the initial 
mailing, the only other major cost was the cost of personnel. In total, this project took 
less than one year to complete and involved much less than one full-time person 
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equivalent23. Most foresight exercises involve large numbers of individuals, take years to 
complete and are very costly. In comparison, the Science Foresight Project was quite 
inexpensive, took a relatively small amount of time to administer and it had a quick turn 
around time from conception to completion. This can be attributed to the fact that 
experts were selected using an objective technique, extensive use was made of Internet 
and Web based technologies and expert panels and planning committees were not 
used. It is anticipated that even if all of the improvements that were made in the previous 
chapter were adopted, the turn around time would remain the same, i.e. less than a 
year, and personnel requirements might increase to two equivalent person years. 

6.5 Science Foresight Project 

6.5.1 The evolution of scientific progress can be likened to watching the weaving of an 
endless tapestry. The threads of scientific reasoning and discovery intermingle with 
human imagination to produce emerging patterns of knowledge. At the same time 
previous, apparently stable patterns disappear back into the fabric of evolving science. 
While no attempt was made in the Science Foresight Project to create a general 
overview of the emerging developments, some common symbiotic patterns seemed to 
be evolving from the threads presented by the experts in their various predictions. For 
example, emerging developments in mathematical and computational methods seem to 
underline progress in many research areas. At the same time, emerging developments 
in the Nano Science & Technology and Optical & Quantum categories appear to 
promise novel advances in computing devices that in turn could profoundly impact 
mathematical and computational methods. Among other things these developments 
could satisfy the increasing demand in all areas of physical and engineering sciences 
research to simulate phenomena from first principles and explore the intricate 
characteristics of dynamic non-linear systems, self-assembly processes and complex 
mesoscale organisation. In other words, the process of collecting predictions of 
emerging developments across a broad range of research activities may begin to reveal 
common emerging patterns in the fabric of science. Perhaps if predictions of emerging 
developments were collected from the international research community in a regular and 
on-going fashion, and these findings were reported in an unbiased manner back to the 
international community, then we may be able to gain valuable insight into common 
patterns that evolve from their collective research activities. In summary, there may be a 
role for an on-going low cost, time efficient and objective international Science Foresight 
activity that could assist policy makers, planners and researchers to dynamically monitor 
emerging research developments in a continuous manner.  

6.5.2 The value of a study like the Science Foresight Project is three-fold. Firstly some 
repeatable techniques have been developed that objectively identify experts in new 
research fronts who are cited by their peers rather than being selected from traditional 
social and political networks. Secondly the predictions provide an unbiased overview of 
potential developments in these research fronts from experts with a general worldview of 
their research. And thirdly the predictions can be used to aid to scientists and engineers 
to keep them abreast of developments that may have implications on their research. 
Only time will tell if the experts’ predictions will come true but the process of collecting 
predictions of emerging developments across a broad range of research activities may 
reveal common emerging patterns in the fabric of science. One clear finding is the need 
for trusted interpreters of the predictions who can comment on the possible implications 

                                                 
23 A total of 135 days was allocated to this project in the proposal. Some tasks took longer than expected on 
the other hand the interviews were eliminated from the project. The actual number of days dedicated to the 
project was close to the projected number of days. Based on approximately 260 workdays in a year this 
project took 0.55 of a full-time equivalent to complete. 
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for current policies and research projects. Although this work has generated a huge 
amount of information its real value will be gained when the results are presented to 
people working in the field.  

6.6 The Future 

6.6.1 In order to assess the value of this type of work to people working in the field, it is 
proposed that a second phase could be undertaken which would get individuals in Dstl 
to review the predictions and comment on the usefulness of the predictions to their 
specific area of research. In addition, a website containing the final report could be used 
to disseminate it to the wider research community and it also could be used to solicit 
comments and suggestions about the techniques and the findings. Furthermore, other 
information such as the details of the ISI publications that were used in the study could 
be provided and a hyperlink could be added between each summary and the complete 
text of the prediction. This would provide the reader with more insight into the potential 
valuable of this type of science foresight activity.    
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VCSELs – Vertical Cavity Surface Emitting Laser 

VOC – Volatile Organic Compounds 



 

 DSTL/TR01697  68

A Annex A: Method for Selecting Highly Co-Cited Papers 

A.1 This document provides a detailed discussion of the techniques that were used to select 
the highly co-cited papers used in the Science Foresight Project. The objective of this 
part of the project was to identify approximately 500 highly co-cited papers in physical 
sciences and engineering24. The authors of these papers were used as experts who 
were invited to answer an on-line questionnaire about emerging short and long-term 
developments in their research fields. The procedure for selecting the papers and 
contacting the authors is given the following sections. 

A.2 Introduction 

A.2.1 The 1999 ISI Research Fronts25 database was used as the data source. This database 
contains bibliographic details for 160,964 publications originally indexed in a variety of 
ISI databases between 1985 and 1999 and that were co-cited by research papers 
published in 1999. ISI described this database as follows: 

A.2.2 The 1999 Research Fronts Database from ISI contains bibliographic and citation 
information on 20,000 clusters of related research papers. These clusters of papers, 
which ISI calls research fronts, are identified using co-citation analysis. This method 
establishes subject similarity among documents by finding pairs of papers, cited above a 
minimum threshold (6 times), that are often cited together by other research papers 
during 1999. An iterative process of tabulating co-cited papers generates groupings of 
papers on the same theme.  

A.2.3 Between 1985 and 1999 the ISI databases indexed a total of more than 15 million 
source documents. About 522,000 of these documents were co-cited by authors of 1999 
publications but only 160,964 publications (i.e. about 1% of all documents) meet the 
criteria26 for inclusion in the Research Fronts database. 146,566 of the 160,964 papers 
in the Research Fronts database are indexed in the SCI (Science Citation Index), the 
database most only commonly used for citation analysis of scientific research. We 
focused our efforts on the SCI-indexed papers. 

A.2.4 A significant challenge that was faced in this project was to establish a robust and 
repeatable methodology for identifying about 500 highly co-cited physical science and 
engineering papers27 indexed in the Research Fronts database. The authors of these 
high impact papers were used as experts who were invited to answer an on-line 
questioned about where they see interesting and exciting areas of research emerging in 
the medium and long term. This peer-review recognition based methodology for 
selecting experts is a significant departure from traditional foresight activities. Traditional 
methods usually use social and political networks as a source of experts. It was hoped 
that this objective selection technique would produce a collection of experts who have 
been internationally recognised by their peers as making a high impact research 

                                                 
24   The choice of the physical and engineering science fields was based on information gathered by DSTL 
from the MOD Technology Strategy - Issue 3; The Strategy for Applied Research 1999-2019 [both 
protectively marked documents] and the MOD Technology Taxonomy. 
25 See http://www.isinet.com/isi/products/rsg/products/rf/index.html   
26  The criteria included a minimum of 6 citations per paper and each co-cited paper had to have a minimum 
fractional co-citation count of 1.0. For more details see Small (1999)  
(see http://www.garfield.library.upenn.edu/essays/v2p026y1974-76.pdf and 
http://www.isinet.com/isi/hot/essays/citationanalysis/11.html ) 
27 500 papers is less than 0.003% of all papers indexed by ISI between 1985 and 1999. 
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contribution in their field and that these experts could in turn identify emerging research 
frontiers. 

A.2.5 The Research Fronts database is a unique database that has evolved from nearly 40 
years of research into mapping and visualising scientific and engineering citation 
networks. In 1973 Small and Marshakova independently proposed using co-cited papers 
as the building blocks for mapping science. Using Small's (1999) methodology the 
papers in the Research Front database have been grouped together into 22,866 clusters 
with no more than 50 papers and no less than 2 papers in each cluster28. In other words, 
documents that are highly co-cited are related through references and they are grouped 
into clusters29 of related documents. A cluster of documents can be thought of as being 
indicative of an evolving research front.  

A.3 The Methodology 

A.3.1 The method used to identify highly co-cited papers involved the following general steps:  

• Science and engineering fields of potential interest were identified and an 
appropriate number of clusters in each field was determined [see section A.4]; 

• About 500 of the most representative clusters were selected based on a well-defined 
set of rules [see section A.5]; 

• The most highly cited paper published in the 1990s was chosen from each cluster 
and the authors on these papers were used to prepare the list of experts [see 
section A.6]. 

A.3.2 The methodology was based on two important criteria: it had to be robust and 
repeatable. It had to be robust in the sense that no manual process would be required to 
decide which papers to chose thereby ensuring that a non-objective step had been not 
introduced into the selection process. It had to be repeatable in the sense that given the 
same data set another person could implement the selection criteria and retrieve the 
same papers. This does not imply that the selection process is not flexible. If it is 
deemed necessary some parameters in the selection process can be changed in the 
future. However, the criteria are defined well enough that they should be useable on 
new releases of the Research Front database to select papers from the same or a 
different set of science and engineering fields. The remainder of this section provides 
the details of each step in the selection process. 

A.4 Identify science and engineering fields and determine number of clusters  

A.4.1 Each journal indexed in the Science Citation Index is categorised by ISI into one or more 
of 159 science and engineering fields. 66 fields, primarily in the physical sciences and 
engineering were selected for this project. Table A.1 lists the restricted set of SCI fields 
that were used in this project. Also, the table gives the number of papers in each field 
that are indexed in the Research Fronts database, an estimate of the number of papers 
or clusters that are needed to represent each field and the actual number of papers that 
were finally selected in each field. It is important to note that many of the papers in the 
database are classified in two or more SCI subject areas and thus the total number of 

                                                 
28 The frequency distribution of cluster sizes is given by f = 18350 p-1.63  (R2 = 0.98) where f is frequency and 
p is number of papers in a cluster.  
29  The documents are clustered using co-citation information to compute a similarity measure that is then 
used as input to a single linkage clustering algorithm.  
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papers across all fields is greater than 500. Once the duplicate papers have been 
removed 483 papers30 were selected for this project.  

Table A.1 - SCI Subject Fields used in the Science Foresight Project 

 
 
SCI Subject Field 

Number 
papers in
Database

Estimated 
number of 
clustersa 

Number 
papers 

selectedb

 
 

Diff.c 
Acoustics 441 3 4 1 
Aerospace Engineering & Technology 148 2 2 0 
Astronomy & Astrophysics 3657 20 20 0 
Biochemical Research Methods 952 5 5 0 
Biophysics 1315 7 7 0 
Chemistry 4637 22 30 8 
Chemistry, Analytical 2371 12 13 1 
Chemistry, Applied 576 3 2 -1 
Chemistry, Inorganic & Nuclear 1353 7 6 -1 
Chemistry, Organic 2134 10 8 -2 
Chemistry, Physical 3154 15 23 8 
Computer Science, Artificial Intelligence 669 4 6 2 
Computer Science, Cybernetics 64 2 2 0 
Computer Science, Hardware & Architecture 417 3 4 1 
Computer Science, Information Systems 438 3 4 1 
Computer Science, Interdisciplinary Applications 514 3 6 3 
Computer Science, Software, Graphics, 
Programming 

522 3 4 1 

Computer Science, Theory & Methods 606 4 6 2 
Crystallography 558 3 4 1 
Electrochemistry 910 5 7 2 
Emergency Medicine & Critical Care 730 4 5 1 
Energy & Fuels 270 2 1 -1 
Engineering 279 2 4 2 
Engineering, Biomedical 834 5 5 0 
Engineering, Chemical 1213 7 7 0 
Engineering, Civil 411 3 3 0 
Engineering, Electrical & Electronic 3798 20 28 8 
Engineering, Marine 146 2 1 -1 
Engineering, Mechanical 509 3 2 -1 
Immunology 3075 15 18 3 
Infectious Diseases 1426 8 10 2 
Instruments & Instrumentation 881 5 4 -1 
Materials Science 2619 15 16 1 
Materials Science, Biomaterials 282 2 1 -1 
Materials Science, Ceramics 687 4 1 -3 
Materials Science, Coatings & Films 829 5 8 3 
Materials Science, Composites 103 2 2 0 
Mathematics 729 4 5 1 
Mathematics, Applied 1179 6 8 2 
Mathematics, Miscellaneous 263 2 0 -2 

                                                 
30 Two of these papers (60220536, 622402D1) listed more than 121 and 201 authors, respectively. It was felt 
that this might have contributed to the high citation counts for these these papers and they were removed 
from the study. Therefore, only 481 papers were used for this project. 
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SCI Subject Field 

Number 
papers in
Database

Estimated 
number of 
clustersa 

Number 
papers 

selectedb

 
 

Diff.c 
Mechanics 1340 7 8 1 
Medicine, Research & Experimental 1978 10 6 -4 
Metallurgy & Metallurgical Engineering 537 3 2 -1 
Meteorology & Atmospheric Sciences 1931 8 11 3 
Microbiology 2707 10 19 9 
Multidisciplinary Sciences 9284 40 89 49 
Nuclear Science & Technology 685 4 3 -1 
Operations Research & Management Science 477 3 3 0 
Optics 2007 11 11 0 
Physics 6329 30 40 10 
Physics, Applied 5649 28 25 -3 
Physics, Atomic, Molecular & Chemical 2088 10 10 0 
Physics, Condensed Matter 3952 20 21 1 
Physics, Fluids & Plasmas 1212 7 10 3 
Physics, Mathematical 1107 6 6 0 
Physics, Nuclear 1431 8 9 1 
Physics, Particles & Fields 1576 8 11 3 
Physiology 1179 5 6 1 
Polymer Science 2104 10 15 5 
Remote Sensing 242 2 2 0 
Robotics & Automatic Control 570 3 5 2 
Spectroscopy 801 5 5 0 
Statistics & Probability 971 5 6 1 
Telecommunications 438 3 4 1 
Thermodynamics 263 2 1 -1 
Virology 680 4 2 -2 
Total 97,237 504 622  
Notes: 
a) The estimated number of clusters (or papers) is determined by multiplying number 

of papers in the field in the Research Fronts database by 0.0055 and rounding up to 
the nearest integer. If the result is 1 then it is automatically increased to 2. 

b) The number of papers that were actually selected in each field (one paper per 
selected cluster). 

c) The difference between the estimated papers (clusters) and the actual number of 
papers   

 
A.4.2 It is well known that the rank-frequency of distribution of papers across scientific fields is 

very skewed and it is closely approximated by a power law31 distribution. Because of the 
skewed nature of the distribution a fixed percentage can be used to calculate the 
number of papers that are required to accurately represent the size of a scientific field32. 
In order to maximise the spectrum of research activities representing each field only one 
paper was chosen from a cluster of papers. More information on the procedure for 
selecting clusters and papers is given in the following sections. 

                                                 
31  The rank frequency distribution of publications is approximated by the general equation p = a rn were p is 
number of papers, r is the rank of the field, c is the intercept and n is the exponent. The accuracy of this 
distribution tends to decrease for the higher ranks. See Katz (1999) for more details. 
32 When a fixed percentage is used the original shape of this distribution is not disturbed. For example, if the 
original distribution follows a power law i.e. y = cxn  and if a fixed percentage, say 10%, of each x category in 
the distribution is select then the new distribution will have follow the power law  y = 0.1c xn which has the 
same shape as the original distribution. 
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A.4.3 The percentage that was used in this study was 0.55%. In other words, the estimated 
number of clusters (or papers) needed to represent each field was determined by 
multiplying total number of papers in the database in each field by 0.0055 and then 
rounding the result up to the nearest integer. Four fields33 gave a result of 1 cluster. This 
was increased to 2 clusters to increase the diversity of experts in these fields.  

A.5 Selecting Clusters 

A.5.1 Each of the 22,866 clusters in the database was examined to determine how many 
papers it contained in each of the 66 physical sciences and engineering fields. Also, the 
most highly cited paper in each field in a cluster was identified. For example, the cluster 
with the database identifier34 55030542 contained a total of 32 papers. 15 papers were 
classified in engineering, electrical & electronic, 12 papers in computer science, theory & 
methods, 7 papers in computer science, hardware & architecture, 4 papers in computer 
science, software, graphics, programming, 2 papers in computer science, information 
systems and 1 paper in mathematics, applied. Remember a paper can be classified into 
two or more fields. The most highly cited paper in each field had 21, 21, 7, 7, 13, and 12 
citations, respectively. The same paper was identified as the most highly cited paper in 
engineering, electrical & electronic and computer science, theory & methods and also in 
computer science, hardware & architecture and computer science, software, graphics, 
programming. The redundant papers are not important since we are only using this 
information to select clusters not the actual papers. The actual papers will be selected in 
the next stage. 

A.5.2 For each field, the clusters were sorted in descending order by the number of papers 
and the number of citations received by the most highly cited paper in the cluster for that 
field. For example, Table A.2 gives the information for the five largest clusters in the field 
of acoustics. There were a total of 112 clusters represented in this field with over 80% of 
these clusters having less than 4 acoustics papers. In fact, 55% of the clusters had only 
2 papers. 

Table A.2 - The Five Largest Clusters in Acoustics 
 
SCI Field 

 
Papers 

 
Citations 

Paper 
Identifier a 

Cluster 
Identifier a 

Acoustics 15 46 5B1707F0 5A0B24F2 
Acoustics 15 11 5E0C3C99 550B2513 
Acoustics 13 18 5D2D34B6 551C32DC 
Acoustics 13 10 60215344 55290344 
Acoustics 12 9 600D0381 550103CC 

.a. These identifiers uniquely identify a cluster or a paper in the Research Fronts database  
 

                                                 
33  These fields were (a) aerospace engineering & technology, (b) computer science, artificial intelligence, (c) 
engineering, marine, and (d) materials science, composites. 
34  Clusters are identified using a cluster identifier and a set of keyword phrases assigned by ISI. The 
keyword phrases for this cluster identifier are hypercubes; deadlock-free adaptive routing; topological 
properties; wormhole networks; and wormhole routing. 
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A.5.3 Table A.1 indicates that it was estimated that 3 clusters are required to represent the 
field of acoustics. The clusters with the largest number of papers in the field, suggesting 
a high amount of research activity in that area, were chosen. If there was a tie then the 
cluster with the most highly cited paper was chosen. For example, as illustrated above 
two clusters have 13 papers in acoustics. The cluster with the paper that received 18 
citations was chosen over the cluster containing the paper that received 10 citations. 
Therefore, in the case of acoustics the first three clusters in the table were chosen (i.e. 
cluster 5A0B24F235, 550B251336 and 551C32DC37). 

A.6 Selecting the Final Set of Papers and Prepare the Expert List 

A.6.1 The duplicate papers were removed after the clusters for all the research areas were 
identified. For this project 483 unique clusters38 were obtained. Next a paper was 
selected from each cluster. The rule that was adopted was that the mostly highly cited 
paper published in the 1990s was selected from each cluster irrespective of the field(s) 
of science and engineering into which it was classified. If two or more papers were tied 
for the position of most highly cited paper then the paper that was most recently 
published was chosen. Since each paper is placed in only one cluster this process 
yielded 483 papers.  

A.6.2 The reasoning behind the rule was that while a cluster may contain papers from two or 
more fields these papers are all related through their co-citations. Recall that this is why 
they were clustered together. The most highly cited paper in each cluster is likely to 
represent a piece of work that has had a significant impact on that community of 
researchers and for this project these authors were chosen to be experts.   

A.6.3 Finally, each paper was analysed to determine which physical science and engineering 
field(s) it was classified into. The results are given in the second last column of the Table 
A.1. The final column gives the difference between the number of clusters estimated to 
be required to represent a field and the actual number of papers that were chosen from 
that field. Note the totals at the bottom of the estimated and actual columns as well as 
the difference between the estimated and the actual values for each field. First observe 
that the total for the actual column is significantly larger than the total for the estimated 
column. An inspection of data revealed that a significant number of the highly cited 
papers that were selected for use in this project were classified into more than two fields 
more frequently than a typical paper. This is indicates that these highly cited papers 
probably span a wider research spectrum than the average paper. In addition, notice 
that almost twice as many papers were chosen from the multidisciplinary sciences than 
were estimated. This is consistent with the notion that highly cited papers in a cluster are 
frequently published in prestigious multidisciplinary journals like Nature, Science, PNAS, 
etc. For example, the most highly cited papers in the three acoustics clusters that were 
selected earlier (i.e. cluster identifiers (a) 5A0B24F2, (b) 550B2513,and (c) 551C32DC) 
received 46, 28 and 18 citations, respectively. They were classified into the fields of (a) 
acoustics and engineering, biomedical, (b) multidisciplinary sciences and (c) acoustics. 

                                                 
35 The keyword identifiers for this cluster are elastography; imaging; strain imaging; elastography elasticity 
imaging using ultrasound; and magnetic-resonance elastography. 
36 The keyword identifiers for this cluster are pitch; cochlear implants; nucleus 22-channel cochlear implant 
system; pitch perception; and function. 
37 The keyword identifiers for this cluster are ultrasound contrast agents; myocardial perfusion; 2nd harmonic 
imaging; improved myocardial contrast; and contrast. 
38 The frequency distribution of cluster sizes is given by f = 0.0326 p1.69  (R2 = 0.73) where f is frequency and 
p is number of papers in a cluster. In contrast to the original distribution the distribution of the selected 
clusters is biased towards the larger clusters. This is illustrated by the fact that the exponent is positive (1.69 
as opposed to -1.63). 
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The original paper chosen for cluster identifier 550B2513 was in the field of acoustics 
and received 11 citations. It was replaced with a paper39 published in the 
multidisciplinary sciences that received 28 citations. 

A.6.4 It is important to remember that papers that were selected were used to compile a list of 
experts who were invited to provide their views on emerging research developments. In 
other words, these authors were asked to act as spokespeople for others in their 
research community. An author was chosen because his/her name appeared on a 
highly cited, co-cited paper that occurred in a cluster of a large number of papers on a 
similar research theme. Authors were not chosen because their paper necessarily 
contained a research finding that was in an emerging research frontier but rather 
because their research findings may be used in an emerging research frontier. However, 
since their work had a significant impact on their community it is likely they may be 
aware of significant research progress in their field and have a sense of emerging 
developments in the medium and long term.  

A.7 Cleaning Expert Contact Addresses 

A.7.1 The names and addresses of the experts who were invited to participate in the study 
were be derived from the authors named on the 483 highly co-cited research papers 
selected from the Research Fronts database. In general, a typical research paper has 
three or more authors residing in institutions in two or more countries (Katz and Hicks, 
1997). In fact, 2120 authors were listed on the 483 papers that have been chosen thus 
on average there are about 4 authors per paper. 

A.7.2 The ISI databases have a peculiarity. They do not provide a way to accurately link the 
names of the authors on a paper to the institutional addresses on a paper. However, 
with nearly 100% certainty, the first author named on a paper will reside at the first 
institution listed in the database. Also, there is no way to know which author on a paper 
is the senior author or for that matter how much an author contributed to the research 
(Katz and Martin, 1997). The manner in which authors’ names appear on a paper is 
largely a matter of social convention and it can vary from discipline to discipline and from 
institution to institution. For example, on some papers the authors are listed in 
alphabetical order by their last names while on others the senior authors may be listed 
first or last. 

A.7.3 In order to overcome this difficulty and also increase the number of authors that can be 
sampled the following technique was adopted. The first author from each selected paper 
was placed on the expert list. The contact address of these experts was checked, 
primarily using internet-based resources, to determine if they reside at the first institution 
listed in the database. If the expert did not reside at that institution an effort was made to 
determine their current address. If the contact details could not be determined for the 
first author then an effort was made to determine the contact details for any other author 
listed on the paper. 

A.7.4 Once the addresses had been cleaned a letter was be mailed to each of the 483 experts 
inviting them and the other authors on the paper to participate in the study. Included with 
the letter was the bibliographic detail of the paper that was used as the basis for 
selecting them. Each expert was asked to solicit the participation of the other authors of 
the paper. In order to facilitate their co-operation in contacting the other authors they 
were able to go to the project web site and request, in a secure manner, that an 

                                                 
39 This was a paper published in the journal Science and had the title "Speech Recognition With Primarily 
Temporal Cues". 
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electronic version of the letter of invitation be sent by email to the email address(es) 
supplied by the expert. 

A.8 Summary of the Method used to select Highly Co-cited Papers 

A.8.1 The ISI 1999 Research Fronts database was used as the data source. Science and 
engineering fields of potential interest were identified and an appropriate number of 
clusters in each field were determined. Approximately 500 of the most representative 
clusters were selected based on a well-defined set of rules and then the most highly 
cited paper published in the 1990s was chosen from each cluster. The authors on these 
papers were used to prepare the list of experts. In total 483 highly cited and co-cited 
papers involving 2120 authors and representing research activity in 66 physical science 
and engineering field were selected for use in the Science Foresight Project.
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B Sample Invitation Letter 

 
 
 
 
 
 
 
 
 
 
Dear [Expert Name]: 
 

Subject: Invitation to participant in an international Science Foresight Project 
 
SPRU, the Science and Technology Policy Research institute at the University of Sussex, and 
DERA, the UK Defence Evaluation and Research Agency, have initiated a collaborative Science 
Foresight Project to gain insight into important new research developments both in the short term 
and over the long term.  
 
This project uses a novel approach to select experts who are being consulted for their views on the 
future of research in their areas. Normally, foresight activities in science draw upon experts who 
have been chosen from social and political networks within the research community. This project, 
by contrast, uses experts who earned their recognition through the peer-review process. More 
specifically, the authors of about 500 of the most highly co-cited papers indexed in the Institute for 
Scientific Information's (ISI) Research Fronts 1999 database are being invited to participate. You 
have been identified as an author of one of these key papers. The details of this paper as recorded 
in the ISI database are as follows: 
 

Authors [Expert Name] 
Title [Title of Paper] 
Journal [Journal Name] 
Research Front [Key terms] 
Citations [34] 

  
A highly co-cited paper is one that has been cited many times with another particular paper. ISI 
has grouped pairs of co-cited papers into unique clusters that they believe indicate emerging 
research fronts. (Further details of the study including the technique used to select your paper and 
a description of the Research Fronts database are available from the Science Foresight Project 
web site ( http://www.sussex.ac.uk/spru/foresight ). 
 
If more than one author is named on a paper, only one author is being contacted at this stage. You 
have been chosen as the primary contact author for the above paper. If you agree to participate in 
this unique study, we would ask you to do two things. First, we invite you to visit our web site, log in 
to a password-secured area and answer a brief questionnaire about what you believe will be the 
most promising research developments emerging in your field in the shorter and longer term. 
Second, if other authors are named on the paper, we would ask you to help us contact them. In the 
secure area of the web site, there is a place for you to provide us with the email details for your co-
authors. We will then send each co-author an email containing an invitation to participate in the 

[Expert Name] 
[Address Line 1] 
[Address Line 2] 
[Address Line 3] 
[Address Line 4] 
[Address Line 5] 
[Country] 

April 15th  2001

http://www.sussex.ac.uk/spru/foresight
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project, a short personal message from you (if you want) and a copy of this letter. Email addresses 
and specific questionnaire responses will be kept totally confidential. 
 
We know that your time is valuable. We have done our best to make the questionnaire interesting, 
succinct and easy to answer. We estimate that it will take around 30 minutes to complete it on-line 
using either the Netscape or Microsoft Internet Explorer browser equipped with Adobe Acrobat 
Reader 4.0. (The latest version Acrobat Reader 4.0 is free and can be downloaded from the links 
provided at our web site.) 
 
You have been assigned the following confidential username and password so that you can 
access the secure area of the web site: 
 

username:  EXPERT 
password:  expert1 

 
Please note that the username and password are case-sensitive. 
 
After you have answered the questionnaire you will be asked if you would like to receive a copy of 
the final report by email. We expect that this report will be made public in the later part of 2001 or 
early in 2002. 
 
If you have any questions or concerns please, contact me by email at foresight@sussex.ac.uk. 
 
Sincerely yours, 
 

 
 
Dr. J. Sylvan Katz 
Manager, Science Foresight Project 
SPRU, University of Sussex 
www.sussex.ac.uk/spru/foresight 

mailto:foresight@sussex.ac.uk
http://www.sussex.ac.uk/spru/foresight
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C Science Foresight Questionnaire  

 



 

DSTL/TR01697  79

 

 



 

 DSTL/TR01697  80

 

 

 

 



 

DSTL/TR01697  81

 

 

 
  
  
  
  
  
  
  
  



 

 DSTL/TR01697  82

Distribution List 

 

Prof.Phil Sutton - MoD Director of Technology Development 

Dr Paul Simpson – Head IRC Dstl 

Dr J. Sylvan Katz - Visiting Fellow – SPRU 

Prof. B. Martin - Director - SPRU 

Alex Caldas - Postgraduate Student - SPRU 

Library - SPRU 

Sally Stewart – Information Analyst - Knowledge Services Glasgow 

Dr Theresa Gow - Technology Diversification Manager – Defence Diversification 
Agency (DDA) 

Dstl Knowledge Services Glasgow 



 

DSTL/TR01697  83

Report documentation page 

1. Originator's report number: DSTL/01697 

2. Originator's Name and Location: Sally Stewart Room 2246, Kentigern House, 65 
Brown Street, Glasgow, G2 8EX 

3. MOD Contract number and period covered: DCSR&T154500 June 2000 to October 2001 

4. MOD Sponsor's Name and Location: Prof. Phil Sutton - Director Of Technology 
Development 

5. Report Classification and Caveats in use: 6. Date written: Pagination: References: 

UNLIMITED   October 2001 x + 84 16 

7a. Report Title: Science Foresight Project Final Report 

7b. Translation / Conference details (if translation give foreign title / if part of conference then give 
conference particulars): 

 

7c. Title classification: UNLIMITED  

8. Authors: J. Sylvan Katz and Sally Stewart   

9. Descriptors / Key words: Bibliometric Analysis, Foresight, Prediction, 
Questionnaires, Science, Scientific Publications 

10a. Abstract. (An abstract should aim to give an informative and concise summary of the report in up to 
300 words). 
The Science Foresight Project designed and assessed a simple, objective and cost-effective technique to gather 
information about emerging short and long-term research developments, primarily in the physical and engineering 
sciences. International experts were objectively chosen using co-citation patterns in scientific and technical literature, 
and were invited to submit their predictions about emerging developments in their research fields. They were 
questioned about how the effects of various factors and driving forces might affect their predictions. The cost and time 
required to administer the questionnaire and collect the responses was minimised through the use of Internet and 
Web based technologies. A simple process was used to report the predictions; short excerpts from each prediction 
were used as the summary and each prediction was classified into one of ten emerging development categories. 
Authors from 114 papers (23.7%) responded, providing a total of 190 short-term and 111 long-term predicted 
emerging developments. Expert responses were received from an international group of senior researchers between 
the ages of 36 and 55, mostly engaged in basic research in academic institutions. Some experts described specific 
emerging developments, some discussed broad emerging trends in their field and others described both. Emerging 
development categories such as Atomic & Stellar Matter, Biology & Biosphere, Biomedical & Clinical, Computers & 
Robotics and Genomics & Proteomics were closely aligned with conventional science areas while other categories 
such as Mathematical & Computational and Nano Science & Technology contained predictions from almost every 
area of science. The technique appears to efficiently survey the international research community in order to gain 
insights into common patterns that evolve from their collective research activities. Dynamically monitoring emerging 
research developments in a ‘real-time’ like manner could provide valuable information to policy makers, planners and 
researchers. 

10b. Abstract classification: UNLIMITED FORM MEETS DRIC 1000 ISSUE 7 

 



 

 DSTL/TR01697  84

 This page is intentionally blank 
 

 
 
 
 


	Introduction
	Science Foresight
	Selecting the Experts
	Inviting the Experts to participate
	Administering the Questionnaire
	Synthesising Visions of the Future
	Summary

	Demographic profile of Research Experts
	Country of Residence
	Research Area
	Research Type
	Research Organisation
	Research Position
	Age Distribution and Years in the Field
	Summary of Demographic Profile of the Experts

	Emerging Developments in Science
	Introduction
	Emerging development in science summaries and categories
	Research areas and emerging development categories
	
	Short Term
	Long Term


	Summaries of emerging developments in science
	Atomic & Stellar Matter
	Biology & Biosphere
	Biomedical & Clinical
	Chemical and Materials
	Computers & Robotics
	Genomics & Proteomics
	Mathematical & Computational
	Molecular Matter
	Nano Science & Technology
	Optical & Quantum

	Potential technology spin-offs from emerging developments in science
	Summary of Emerging Developments in Science

	Factors and Forces Affecting Emerging Developments
	Factors Affecting Developments
	Driving Forces Affecting Developments
	Driving Forces in Different Research Areas.
	Summary of Factors and Forces Affecting Developments

	Difficulties and Remedies
	The Project Web Site
	The Questionnaire
	Email and Response Time
	Co-authors Invitations and Responses
	Telephone Interviews
	Prediction Summaries and Presentation
	Summary

	Observations and Recommendations
	Co-citation Techniques for Selecting Authors
	Driving Forces
	Methodology
	Science Foresight Project
	The Future

	References
	List of abbreviations
	
	
	
	
	Annex A: Method for Selecting Highly Co-Cited Papers
	Introduction
	The 1999 ISI Research Fronts� database was used as the data source. This database contains bibliographic details for 160,964 publications originally indexed in a variety of ISI databases between 1985 and 1999 and that were co-cited by research papers pub
	The 1999 Research Fronts Database from ISI contains bibliographic and citation information on 20,000 clusters of related research papers. These clusters of papers, which ISI calls research fronts, are identified using co-citation analysis. This method es
	Between 1985 and 1999 the ISI databases indexed a total of more than 15 million source documents. About 522,000 of these documents were co-cited by authors of 1999 publications but only 160,964 publications (i.e. about 1% of all documents) meet the cri
	A significant challenge that was faced in this project was to establish a robust and repeatable methodology for identifying about 500 highly co-cited physical science and engineering papers� indexed in the Research Fronts database. The authors of these h
	The Research Fronts database is a unique database that has evolved from nearly 40 years of research into mapping and visualising scientific and engineering citation networks. In 1973 Small and Marshakova independently proposed using co-cited papers as th

	The Methodology
	Identify science and engineering fields and determine number of clusters
	Each journal indexed in the Science Citation Index is categorised by ISI into one or more of 159 science and engineering fields. 66 fields, primarily in the physical sciences and engineering were selected for this project. Table A.1 lists the restricted
	It is well known that the rank-frequency of distribution of papers across scientific fields is very skewed and it is closely approximated by a power law� distribution. Because of the skewed nature of the distribution a fixed percentage can be used to cal
	The percentage that was used in this study was 0.55%. In other words, the estimated number of clusters (or papers) needed to represent each field was determined by multiplying total number of papers in the database in each field by 0.0055 and then roun

	Selecting Clusters
	Selecting the Final Set of Papers and Prepare the Expert List
	The duplicate papers were removed after the clusters for all the research areas were identified. For this project 483 unique clusters� were obtained. Next a paper was selected from each cluster. The rule that was adopted was that the mostly highly cited
	The reasoning behind the rule was that while a cluster may contain papers from two or more fields these papers are all related through their co-citations. Recall that this is why they were clustered together. The most highly cited paper in each cluster i
	Finally, each paper was analysed to determine which physical science and engineering field(s) it was classified into. The results are given in the second last column of the Table A.1. The final column gives the difference between the number of clusters
	It is important to remember that papers that were selected were used to compile a list of experts who were invited to provide their views on emerging research developments. In other words, these authors were asked to act as spokespeople for others in the

	Cleaning Expert Contact Addresses
	The names and addresses of the experts who were invited to participate in the study were be derived from the authors named on the 483 highly co-cited research papers selected from the Research Fronts database. In general, a typical research paper has thr
	The ISI databases have a peculiarity. They do not provide a way to accurately link the names of the authors on a paper to the institutional addresses on a paper. However, with nearly 100% certainty, the first author named on a paper will reside at the fi
	In order to overcome this difficulty and also increase the number of authors that can be sampled the following technique was adopted. The first author from each selected paper was placed on the expert list. The contact address of these experts was checke
	Once the addresses had been cleaned a letter was be mailed to each of the 483 experts inviting them and the other authors on the paper to participate in the study. Included with the letter was the bibliographic detail of the paper that was used as the ba

	Summary of the Method used to select Highly Co-cited Papers
	The ISI 1999 Research Fronts database was used as the data source. Science and engineering fields of potential interest were identified and an appropriate number of clusters in each field were determined. Approximately 500 of the most representative clus


	Sample Invitation Letter
	Science Foresight Questionnaire






