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Executive Summary 
This report reviews the challenges and opportunities for Europe especially in the field of 
Information Technology (IT) in view of strengthening the European Research Area (ERA). IT 
ranks as the most important among the key technologies because of its dominant role in all 
other areas and in the convergence of technologies. It deserves a continued special attention 
due to its economic and societal relevance not least for innovation. For instance, the 
productivity growth rate of Europe’s economy is based on ICT to a degree of 50%. 

The challenge for Europe is to build upon the high level of education and the ingenuity of 
its people in a synergetic way, to overcome the well-known systemic failures, to break up 
rigid organisational structures hindering innovation, and do so in harmony with its cultural, 
social and natural heritage. Our traditional ways of designing such a complex fabric are no 
longer sufficient to achieve this goal. ICT and especially Artificial Intelligence (AI) and 
Cognitive Science (CogSci) with their knowledge technologies, have the potential to support 
this transformational process.  

The report’s analysis of Europe’s science and technology base and activities in IT 
demonstrates that substantial efforts are needed to succeed in the competition with the main 
competitors. Europe lags behind in comparison with the US, Japan, etc. in most factors 
including the number of patents, the spending levels in R&D and in education, the number of 
researchers, the percentage of corporate research, the low ICT employment intensity, the slow 
penetration of ICT and its computational paradigm in other areas (especially in social sciences 
and humanities), the net business profits, and many others. Europe has to increase its efforts 
substantially to be able to compete with the current technology leaders and competitors. 
Thereby we propose a so-called awards (funding) scheme, which would strengthen the basis 
of the ERA from bottom up, complementary to the current funding schemes (like FP6). 

The second purpose of the report is to provide an overview of key aspects and trends of 
research and development (R&D) in IT. This overview in Section 4 is structured around two 
characteristics of IT which are, first, the need for a tight integration and immersion of IT into 
all facets of reality (physical, biological, psychological, and social world) and, second, the 
levels of abstraction which have evolved during IT’s development. The overview produces a 
great variety of detailed perspectives for the technological development in all subfields of IT.  

Two general visions are considered most important. One, in accordance with the first 
characteristic, is the integration of intelligent systems within the natural, human, but also 
technical sphere. This is why AI, virtual reality, (multimodal) Human/Computer Interface 
(HCI), humanoid robotics and, generally, the coupling and reconciliation of the real with the 
virtual are considered top issues for R&D in the coming years. This vision is about to 
transform virtually every other domain (S&T, engineering, design, development, and 
production, business, government and administration, and many more discussed in detail). 
The other vision is the transformation of software production into a scientific discipline, 
incorporating also new computational paradigms and leading to a high degree of automation 
as well as to an increasing autonomy, robustness and tolerance of systems.  

In view of these two visions the report proposes four major challenge problems: the 
Automation of Programming based on descriptively specified system and environment 
models; the development of humanoid robots on the basis of bionic and CogSci principles; the 
development of an Integrated Hybrid Public Transportation System and of a Semantic Law 
Support System. 

The major findings of the report’s political, economic and technical analyses are 
summarized in two tables presented in Section 5.  
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0. Introduction 
A High Level Expert Group on “Key Technologies for Europe” (KeyTech for short) was set 
up by the European Commission, Directorate-General for Research, Directorate K 
(“Knowledge-based economy and society”), Unit K2 (“Science & Technology Foresight”). 
The task of the group consists in preparing a report on emerging science and technology 
trends in fifteen broad research domains and the implications for EU and Member States 
research policies. As a basis for this report each of the experts was charged to prepare a 
thematic profile on his/her domain of expertise. The present report provides this profile for the 
domain of Information Technology (IT). 

The format of the present report follows the one suggested along with the mandate and can 
be seen from the five section headings in the table of contents. That is we start in Section 1 
with a description of the socio-economic challenge for Europe in the domain of IT. Thereby 
we point out the central relevance of IT for virtually all other domains and discuss several 
general directions in which Europe could undertake major efforts to meet the great challenge 
of matching the leading position of its global rivals in this domain. Section 2 expands on this 
general analysis and provides some hard and unpleasant facts without ignoring some positive 
signs giving rise to some cautious optimism. Unfortunately the given frame in time and space 
did not allow to provide an in-depth analysis of the strengths, weaknesses, opportunities and 
threats (SWOT) of IT in a way which would be satisfactory from a scientist’s point of view 
and which – except for more casual studies – can also not be found in the literature. 

Section 3 is devoted to EU’s activities in IT. We present a proposal for complementing the 
current funding policy with a bottom-up policy, termed awards scheme. It aims at 
strengthening the conditions of a larger number of selected excellent researchers and 
developers in public institutions as well as in industry. It would compensate an inherent 
structural weakness in comparison with the US. Apart from that we discuss previous 
programmes of the Commission and their effects on Europe’s standing in IT from a global 
perspective and have a short look at the activities of the member states. 

The main part of the present report may be found in Section 4 in which we take a closer 
look at the domain and its prospects from a technical perspective. As a prerequisite we first 
structure the field in a coherent and systematic way in order to avoid ending up with rather 
arbitrary lists of the kind to be found in similar reports, eg. in (Compaño et al. 2004, p.68f). 
Our way of structuring is based on two principles, namely the embedding of IT systems in 
reality and the standard layers of abstraction used in IT and reaching from its applications at 
the top level down to the physical level. The entire section offers a rich variety of long-term 
challenges, visions and technological opportunities. It ends with a list of challenge problems 
which are recommended for special attention in future framework programmes of the EU 
(such as FP7). 

The report ends with a concluding section, which summarizes the main findings and 
presents a SWOT matrix, and with the list of references. Altogether the report is based on the 
material contained in a variety of previous reports and studies listed in the references, 
including one edited by the author (Bibel et al. 2004). It tries to achieve a synopsis of these 
earlier studies. In addition the systematic structuring of the domain has led to insights which 
suggest a balance of weights on different subdomains which occasionally may differ from that 
in earlier reports. 

A report of the given length can of course not pretend to cover IT comprehensively at any 
level of detail although it does cover a truly wide range and a great many of scientific and 
technological issues. Only at the highest level of abstraction we hope to have treated the most 
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important parts. In its more detailed passages the selections out of the infinitely many 
possibilities have been made more in an exemplary way. Note that the area of communication 
is explicitly not included since there is a parallel report on Communication Technology (CT). 
Since IT is so closely related with CT that usually both are treated together as ICT we could 
not avoid to often take the ICT view and also briefly touch upon CT explicitly (within 
Subsection 4.9). Also the report is technology oriented. It neither treats the more critical 
aspects of such technologies nor their impacts on individuals, groups, the society as a whole, 
and the environment. For both of these issues we refer to (Bibel et al. 2004) where they are 
discussed at great length. In this respect the report is focussing truly on IT and not on the 
wider Information Society Technology (IST). 

The material presented here reflects nine general trends to be observed in the current 
technological evolution. A fundamental trend is the convergence of sciences and technologies 
(Nordmann 2004) which is closely correlated with the pervasion of IT through all other 
sciences and technologies, especially with the role of knowledge in IT – from programmed to 
managed to meta-knowledge – (Bibel et al. 2004, Section 4.1), as is further expanded in 
Subsection 4.6. One therefore now also speaks of Converging Technologies (CTeks) which 
are mainly based on Nano-, Bio-, Info- and Cogno- (NBIC) Technologies (Roco et al. 2002). 
Miniaturization (and higher degree of – vertical – integration) characterizes the second 
(related) trend. Chips, memories, computers, sensors, and many other devices are getting ever 
smaller, in fact so small that they may sort of disappear into the environment and become 
invisible for the eye (as discussed in Subsection 4.7). Connected with this trend is the ongoing 
distribution of collaborating devices (also termed ubiquitous computing) as a further trend. 
Similarly the distribution of problem solving (eg. in the form of distributed or grid 
computing) is a trend ongoing since the beginning of the IT age (see Subsection 4.9). As 
systems become ever more complex the level of autonomy is increasing without 
compromising transparency. Another general trend is the continuous migration from analogue 
to digital, from fixed to mobile, and from voice/text to multimedia equipment, regardless of 
physical location of the equipment. While computation so far has been realized mainly on the 
basis of CMOS technology, we are now experiencing the new trend of exploiting an ever 
greater variety of physical, chemical, biological, etc. phenomena for use in computational 
processes (see Subsection 4.11). Another general trend consists in an ever closer coupling of 
the real and the virtual, a topic discussed in detail in Subsection 4.7. The final trend 
demonstrates a phenomenological approximation (or reconciliation) of the virtual to the real 
which is quite a different aspect (see Subsection 4.4). For instance systems exhibit an ever 
more intelligent behaviour (see Subsection 4.3). In the conclusions we will mention further, 
more technical trends. 

 

1. The Socio-Economic Challenge for Europe 
Europe boasts of many attractions: rich inheritage, cultural diversity, social coherence, 
moderate climate, fertile soil and natural beauties. There are however a number of indications 
which give rise to serious concerns about Europe’s future: economic competitiveness with 
serious competitors in place or rising at the horizon (like China), ageing and shrinking 
societies with severe consequences for the national social benefits and health systems, rising 
levels of unemployment, rising levels of state debts, lack of political leadership in reforming 
outdated and inadequate structures, rising costs in resources which Europe has to import. 

Overcoming these fundamental problems and maximising the quality of life of its 
population in a sustainable way is the undisputable goal for Europe, as it is for any other 
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region in the world. Major factors thereby are Europe’s economic competitiveness, in order to 
favorably influence its trade balance and accordingly increase its wealth, and its flexibility to 
adapt to the rapid changes in the global environment in its widest sense. Both competitiveness 
and flexibility heavily depend on the scientific-technological innovative capacity in the 
European Research Area (ERA). The challenge therefore consists in increasing this capacity 
to a level which compares well with that of its competitors. 

The potential for a competitive performance of Europe is enormous. The number of highly 
educated people with great talents traditionally compares well with any other area in the 
world. Many fruitful ideas have their origins in Europe. But there is a systemic failure in 
exploiting this potential to a degree which would allow Europe to excel in competition with 
the rest of the world in economic terms. According to the European Innovation Scoreboard 
(EIS) published by the European Communities each year the EU lags the US in seven out of 
ten indicators measuring economic success (EC 2002b). This is not the place to analyze the 
reasons for this failure in any detail which has been done in many other studies. 

Information technology (IT) is an example for this failure. Beginning with the invention of 
the modern computer by Konrad Zuse in the early forties many fundamental ideas, on which 
the evolution of IT was based in the past sixty years, had their origins in Europe. But Europe 
took too long to grasp IT’s opportunities. In consequence, except for a few sectors within IT 
where Europe excels, the core technology is driven by the US, Japan, and others, with many 
negative consequences for the European technological leadership and economy. The 
difficulties to cope with the fundamental problems mentioned at the outset might have a lot to 
do with these consequences. 

Among the key technologies IT is of particular importance for its inherent cross-
disciplinary and cross-sectoral nature. ICT is revolutionising the functioning of the economy 
and society, and is generating new ways of producing, trading and communicating. There is 
no other science or technology nor any sector in the society which could do without IT; ie. IT 
is essential for all of them. ICT has become the Union’s second most important sector of the 
economy, with an annual market of 600plus B€ (billion Euros) and employing more than 2 
million persons in Europe, a number that is steadily rising. The productivity growth rate of 
Europe’s economy is based on ICT to a degree of 50% (Verheugen 2005). In the US the 
degree is even 60% as pointed out by Commissioner Viviane Reding for IST. For instance, 
90% of all innovations in the automobil industry are driven by ICT (Computer Zeitung Nr. 9, 
28.2.05, p.2). Similarly, ICT is revolutionizing the life sciences; for instance, just the small 
sector of information systems for hospitals in this large area is expected to double by 2010 to 
a volume of over 6 B$ according to a study by Frost&Sullivan. Lacking behind in IT means 
lacking behind in everything while leadership in ICT supports general leadership. It is 
therefore a great challenge for Europe to catch up with the rest of the world in core areas of 
IT. If this could be achieved many other problems could be solved much easier as well. 

Although this challenge is not easy to attain there are great opportunities which have to be 
grasped. First of all can Europe build on its strengths in some areas within the software and 
communications technology such as the cell phone, mobile/wireless processing technology, 
integrated business platforms, applications software and ICT services (Compaño et al. 2004, 
p.68f). Also, “Europe is eighteen months ahead of the United States in the introduction of grid 
technology” (Rifkin 2004, p.47). Second, the technological development in IT is still 
characterized by disruptions through novel inventions. Such disruptions are expected both for 
future computer hardware as well as for the software production process (see Section 4). So 
for any player there remains a realistic chance to overtake previous leaders. According to the 
Lisbon strategy Europe is now determined to seize its chances. 
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One of the reasons behind the above-mentioned systemic failure is the tendency to hinder 
activities of motivated individuals or groups (by a host of regulations, rigid structures, etc.) 
rather than supporting activities in a synergetic cooperation and a friendly competition. This 
tendency has led to fragmented activities and structures in all sectors. The EU’s member 
states are governed by 25 varying legislative, regulatory, educational, financial and patents 
systems blocking many attempts for fruitful cooperation. In fact there are many more of these 
systems since for instance in federal Germany each of its 16 states has its own system. 
Europeans must rather learn to pull together. This is ever more important as market structure 
is changing into a network commerce in a globalized economy (Rifkin 2004, Ch.8) where 
cooperation building on trust and synergy are essential features. It is also important as 
innovations in IT (as in other areas) ever more depend on the knowhow in more than one 
discipline, ie. the are of the nature of converging sciences and technologies (Nordmann 2004). 
The intellectual capacity and scientific basis in the individual disciplines is excellent. So what 
is needed is an openess towards innovations outside of the beaten tracks, a rational 
management of the necessary means for exploring new ideas, of collaboration without heavy 
overhead, of direct transfer of novel techniques to industry, business, administration and 
governance, and of norms, standardizations, and generally a political climate which support 
the synergy of creativity. 

The techniques used in IT to cope with the complexity of its systems are in fact a model for 
what had to be done to realize such a rational management (see Section 4.6 for more details). 
In so far IT is more than a cross-sectoral technology in the above sense; its methods actually 
carry the potential to revolutionize also classical disciplines like the social sciences. 
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Europe must also generate a climate in the public debate which is more favorable towards 
adapting new technologies with a potential for supporting sustainable development. This 
includes the need for a higher esteem for all actors involved in the educational, scientific and 
technological cluster resulting also in appropriate infrastructures and salaries. Successful 
scientists must become heros before they leave the country or die (as it happened to Einstein 
and Zuse in their homeland and to too many others). 

One way to improve the image of science and technology (S&T) consists in the pursuit of 
challenge projects which aim at improving core social needs such as public transport or 
preventive medical technology (Bibel et al. 2004). Therefore Europe has to structure its 
funding policy in such a way that the development converges towards improvements of the 
situation of the population as inviduals as well as groups or societies within a sustainable 
environment. 

 

2. Europe’s Science and Technology Base in IT 
There is an empirical rule saying that an economy draws the more out of a new technology the 
earlier it enters the race well prepared. As mentioned in the previous section Europe has 
waisted too much time before it recognized the central importance of IT. To understand this 
importance just note the enormous size of the ICT market which includes ICT equipment, 
software products, IT services, and telecoms carrier services. In 2005 it is estimated at 2,044 
B€ (billion Euro) worldwide with a share of 620 B€ in the EU. The share of the IT 
worldmarket is 917 B€ (the rest contributed by telecommunications) with the regional 
distribution shown in the picture on the page 6. The ICT market with a growth rate of 4.3% 
still continues to rise considerably faster than the GDP.  

Given IT’s role in virtually all other sectors, as pointed out in the previous section, this 
altogether explains an essential part of Europe’s technological and economic problems. Of 
course our situation is not hopeless and there are many encouraging signs, but it is certainly 
not as good as the Lisbon strategy anticipated by this point in time and as some politicians 
might want it appear. Let us have a look at some hard facts. 

Europe globally is a relatively small player in competing for the important semiconductor 
or integrated circuits (IC) world market which 2004 featured record sales of 213 B$; at any 
rate the European-based production in this area is not apar with its consumption and with its 
industrial weight. It is expected that in 2005 China’s IC market will become the largest 
regional IC market in the world with a volume of 34,3 B$ (http://www.icinsights.com). The 
company Intel reports a record revenue of 34.2 B$ for 2004 (http://www.intel.com). The 
lesson behind these two figures: only the powerful players can take advantage of a rapidly 
growing worldmarket. The picture on the next page shows the market structure for Western 
Europe. 

No European company is among the top ten companies ranked according to the number of 
US patents launched in 2004. The best European company is Bosch ranking 16th, far behind 
the world-leader IBM which holds 40,000 patents. Generally, European countries lodge only 
9% of the patents registered at the American Patent Office (APO) compared with 21% for 
Japan and 57% for the US. Even at the European Patent Office (EPO) Europe with a share of 
36% is just level pegging with the US (EC 2002a). In 2003, Japan had the highest number of 
triadic patents per million population (93) followed by the US (53) and the EU (31). 
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According to (Compaño et al. 2004, p.45) the ratio of information society technology (IST) 
related patents in relation with all patents filed at the European Patent Office in 1999 for the 
European Union is more than ten percent below that for the US. Korea and Japan are doing 
even significantly better than the US (let alone Europe) in this respect. Only Finland, the 
Netherlands and Ireland are better than the US, three countries which, most likely as a 
consequence, have demonstrated extraordinary economic strength in comparison with the EU 
on average. 

Finland is a model for demonstrating how much investment in education and an emphasis 
on IT can change matters to the positive; its IST patent rate excels at 60%. On the negative 
side Germany is a model for demonstrating the consequences of adhereing too long to 
traditional sectors and ignoring key sectors for too long: its share in world production of the 
automobile industry amounts to 23% (if mergers are taken into account) while in IT it plays 
an inferior role. Its current economic struggle (notwithstanding the costs of reunion) has a lot 
to do with these particular facts.  

 

 

 

The patent rate just discussed is one classical benchmark for measuring performance. 
Another one is the spending level in research and development (R&D). Adjusted for inflation, 
the US today spends 38% more on R&D (in all sectors) than it did in 1991 while in Germany 
this growth rate over the same period is only 14.5%. In 2003, R&D intensity (ie. share of 
GDP) in the EU amounted to 1.93%, well below the US (2.59%) and Japanese (3.15%) 
intensities, but still above China (1.31%). The rate of growth of EU’s R&D intensity (+0.7% 
per year between 2000 and 2003) is close to stagnation and far from sufficient to reach the 3% 
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objective in 2010: if this trend remains unchanged, EU’s R&D intensity will be only about 
2.20% in 2010. If current trends for both China (with annual growth rates in R&D intensity 
around 10% since 1997) and EU-25 hold on in the coming years, China will have caught up 
with the EU by 2010. 

It is the overall target that two-thirds of R&D expenditure are financed by the business 
sector. In 2002, the business sector financed 55.6% of domestic R&D expenditure in the EU, 
compared to 63.1% in the US and 73.9% in Japan. This share decreased at a rate of 0.6% per 
year in the year between 2000 and 2003 so that the target is most unlikely to be reached by 
2010. Considering just the public R&D expenditure it rose in the period 1998–2004 in the US 
by 40.3%, in Japan 27.3%, in UK 27.7%, and in Germany only 3.9%. The average growth 
rate for ICT R&D investment in the EU in the period 1997–2001 is only 4%. For ICT the 
R&D rate in the US is three times the one of Germany. 

These general figures are reflected in innovational areas like the nanotechnology. For 
instance the US has launched the National Nanotechnology Initiative (NNI) which is 
supported by public funds amounting to 774 M$ in 2003 and 847 M$ in 2004 while Japan 
invested 650 M$ already in 2002 in this area (BMBF 2004). In 2005 the worldwide 
investment in nanotechnology research exceeds 3 B$. In comparison the EU has allocated 
1,300 M€ within FP6 for this area which breaks down to 325 M€ per year. These figures must 
of course be complemented by the investments at the national level. 

The figures for the educational sector are similarly insufficient. While the EU is producing 
more S&E graduates than the US and Japan, the overall funding of tertiary education as a 
percentage of GDP is lower in the EU than in the US and women remain under-represented. 
Generally, in the EU member states research policy is typically considered a “soft topic” in 
contrast to hard topics like economic, foreign or military policy. Not so in the US. In the 
recent “Project 2020” of the National Intelligence Council which analyses the most important 
factors of global developments, research policy ranks among the most important factors 
(Frankfurter Allgemeine Zeitung 39, 2005, p.44). It warns that in 2020 the leading research 
institutions could be those in China. Already now India and China invest huge sums in basic 
research in the areas of nano-, material, bio-, and info-technologies. This is the basis on which 
both could become leaders in key technologies with enormous (negative) consequences also 
for Europe and even the US. Even a country like South Korea is spending the substantial 
amount of 654M$ of public money in 2005 on basic research. In other words, emerging 
economies like China and India will not remain just suppliers of cheap mass products but is or 
soon will be competing also in the high-quality and high-technology products and services 
sector of the economy. 

In the field of computer science and technology, already today the best research and higher 
education institutes in China compete well with those in the US, including Beijing University 
(Beijing), Tsinghua University (Beijing), Hongkong University of Science and Technology, 
Fudan University (Shanghai), the Institute of Computing Technology and the Institute of 
Software within the Academia Sinica (Beijing), Nanjing University (Nanjing), Microsoft 
Research Asia (Beijing), Jiaotong University (Shanghai), Harbin University of Technology, 
and others. The Indian Institutes of Technology (IIT) are of similarly high quality in IT as 
well as in other subjects. In India this has already lead to an international leadership of a 
number of its software companies. 

The number of researchers in Europe compares badly with that of its competitors. In 1997 
it had 5.28 researchers (in Full-Time Equivalents) per thousand labour force (in 1999 5.4, in 
2001 5.7, in 2003 5.4) compared to more than 7 (9.0 in 2003) in the US and more than 8 (10.1 
in 2003) in Japan. Within the EU again Finland excels with the figure 10.62 (EC 2002a). 
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These figures are reflected in the number of publications. In 2003, the US led with 809 
scientific publications per million population, followed by Europe with 639, and Japan with 
569. 

A typical European feature is the fact that only slightly less than half (49.0% in 2003) of its 
researchers are in business enterprises while the comparable figures are 80.5% in the US and 
67.9% in Japan. This strict separation of the research and business sectors causes a substantial 
delay in the transfer of research results into products. 

Given these trends it is no more a surprise that in the period 1900–1920 90% of all nobel 
prizes went to Europe compared to only 25% in the last 20 years to mention another indicator. 
Europe is nearly absent in prizes awarding IT pioneers (Kyoto prize, Turing award, etc.). And 
the trends indicate that we are still on the downhill side. 

As we said at the outset of this section there is no reason to be utterly pessimistic. Higher 
education in Europe still produces a great number of highly qualified people in IT and other 
key technologies. Yet, still a too high percentage of the very best are lost by “brain drain”, 
mainly to the US (Compaño et al. 2004, p.40). And given the efforts of Europe’s competitors 
the situation could become truly serious unless Europe’s strategy will prove successful. 

Also, as already mentioned in the previous section, European industry has succeeded in 
capturing important markets and niches in ICT (eg. in mobile/wireless communication 
systems, business and applications software, microsystems and embedded systems, grid 
technology) in which some major European companies such as Siemens, SAP, Nokia, 
DaimlerChrysler, Bosch, ARM, BT etc. are playing leading roles. The area of nanoimprint 
lithography (NIL) discussed in more detail in Section 4.11 allows the strong European 
chemical industry to excel in a particularly promising area. 

An important factor in innovation, which is crucial for such successes, is the close 
collaboration of researchers with industry for accelerating the knowledge transfer. The 
Fraunhofer Gesellschaft with over 2500 R&D workers, the second largest research 
organization in Europe in the field of information technology, may be seen as a role model for 
this kind of successfully connecting industry and scientific research. It is also promising that 
the EC on 11 March 2005 adopted a European Charter for Researchers and a Code of Conduct 
that aim at providing researchers with long-term careers and at improving their employment 
and working conditions. 

As a further positive aspect the EU’s new member states (NMS) provide a great potential 
due to the high educational level of its people, their high motivation, and the lack of rigid 
structures holding back some of the old members. Especially Hungary is doing very well in 
the ICT sector. The table on the following page shows the ICT employment intensity for 
European states in 2002 measured as the number of jobs in ICT sectors as a proportion of the 
total workforce (Stimpson 2004). 

As these figures show ICT employment is an important factor but still a relatively small 
one. Much more important for economic success is the transformation that ICT brings about 
in other sectors. The degree of this transformation is especially low in NMS which is the most 
important reason for their lagging behind in economic development. 

The degree of this transformation in the entire EU is particularly far behind in the service 
sector which is technologically underdeveloped in Europe. For instance, although about 70% 
of all working people are in the service sector, it is far behind in terms of export: in Germany 
only 14% of all exports fall into this category compared with 30% in the US. This enormous 
difference suggests a lack of competitiveness in this sector. This assessment is supported by 
the fact that R&D in Europe still focusses on the manufacturing industries sector although the 
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service sector has a much greater potential in the future. In fact a detailed analysis of general 
and IT related figures reveals that most of the EU-US R&D gap stems from the combined 
effect of low R&D intensities and sizes of the services sector and ICT manufacturing. Also 
the productivity growth problem in the EU compared to the US is mainly located in the ICT-
using services sector and to a lesser extent in the ICT-producing manufacturing industries. For 
this reason we will come back to the importance of ICT for the service sector in Section 4.6. 

 

 

 

 

3. Activities of EU in Information Technology 
The European Commission has established a policy of supporting research and development 
within a policy framework which, as far as the major funding resources are concerned, might 
be characterized as follows. It asks experts from all sectors, disciplines and member states for 
their advice concerning the areas in R&D worthy of financial support in terms of the likely 
effects on Europe’s prosperity in a very general sense. On the basis of this input framework 
programmes are designed, discussed with the experts and with the member states and refined 
as a result of these interactions. Then the programmes are approved by the council. On the 
basis of such programmes the Commission calls for project proposals and with the help of 
experts selects from these the best ones worth to be supported. The projects are surveyed 
again by experts and controlled by the Commission on the basis of reports. 

While this seems to be a fair and rational process, it is not an optimal one. It involves a 
heavy overhead in monitoring on various levels, the project-partnerships are often 
superficially established to conform with the requirements, and the progress in technological 
means is by far not exhausted in realizing the pursued goals.  

The ideal would be to combine the strengths available in the European R&D community 
with rationally elaborated perspectives of future development. Such a combination would 
require an elaborate and upto-date database of European researchers and developers and their 
achievements including their publications and patents along with a solid comparative 
evaluation of these data. On the basis of such an evaluation the best candidates could be 
selected and additionally ranked according to the perspectives. On the basis of such a rational 
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ranking the funding of their research and collaborations, without any strings attached except 
for monitoring the results, would be more effective than the time consuming – especially for 
the researchers and developers – procedure under the current scheme. In particular it would 
spare the researchers and developers the enormous amounts of time spent in preparing 
(successful and failing) project proposals, progress reports, and so forth, which to a large 
extent is time lost for truly creative research and development. In fact it is likely that the real 
geniuses of the Einstein kind are never successful in the present system and therefore are not 
supported the way they should. 

Let me call this proposed scheme the awards scheme since awards are typically given 
following such a procedure. However most awards are given to a very few selected and 
outstanding researchers or developers in public institutions or in companies. The proposal 
here however aims at a relatively large number of smart people, groups and innovative 
companies. An example of an awards scheme of this kind was successfully undertaken by the 
(privately initiated) Canadian Institute for Advance Research which even payed salaries to 
selected university professors freeing them from many time-consuming and non-creative 
duties otherwise leaving them in their usual environment. 

The funding process envisioned in this proposal would of course be revolutionary in the 
sense of asking the regulatory agencies to approach the researcher and developer rather than 
the other way around as under the present scheme. It is still difficult for any public agency to 
realize the ideal of acting in service of the citizen in the true sense. In fact most of the 
legislature adopts a somehow opposited view of public institutions which is that of a 
regulatory and monitoring entity. So the revolution would in fact have to start with legislature. 

The proposal is meant to complement the current policy, not to substitute it altogether. 
Larger projects, technology platforms and initiatives, exchange programmes, especially those 
supporting young researchers, of course, all have their values and cannot be replaced by 
incoherently organized individual bottom-up activities. But it would compensate a weakness 
in Europe which, in contrast to the US, features a certain inflexibility in its institutions and 
companies; they prove unable to give specially talented persons, especially young ones, the 
appropriate support for the development of their creativity. Excellence can grow only bottom-
up. Because of this fact support must also go to the individual excellent researchers. For the 
same reason a European Institute of Technology (EIT) matching MIT’s excellence cannot be 
established top-down, but it could eventually evolve through an extended awards scheme. 

The establishment of a European Research Council might be seen in this context. It could 
oversee such a scheme and guarantee that the executive agency in charge does not fall into the 
same trap as all agencies before which is to care for its own self-esteem and thereby forget its 
proper service function. The new European Young Investigator Awards (EURYI) awarded by 
the European Science Foundation (ESF) and the association of European Research Councils 
(EUROHORC) is a small step into the direction of an awards scheme. But with 25 awards per 
year at the level of 1M€ each these are far too selective and elitist to fulfil the function 
intended with our proposal. 

This proposal is not meant at all as a criticism concerning the current funding policy 
pursued worldwide in similar ways, but it rather envisions an even more effective future 
policy for Europe. On the contrary, our judgment is that the EU is doing quite well in its 
funding policy in relation to its competitors, especially in the area of IT. Among the 
competitors in a sense are also the member states which often act somewhat parochial and less 
far-sighted than the Commission. In so far European IT would not have developed so 
powerfully since the early eighties except for the various programs run by the Commission. 
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The first such major programme was the specific programme ESPRIT starting in 1983 
more or less in response to the Fifth Generation Project of Japan. I dare to say that the 
European identification process was strongly influenced by this first major and successful 
programme. It played a model role for many later programmes in IT as in many other areas. 
Shortly after the beginning of ESPRIT the general four-years Framework Programs (FP) were 
initiated with FP1 in 1984, although only with FP2 they “started to be seen as an important 
means of creating a European RTD policy” (Compaño et al. 2004, p.50). From there on they 
took a wider focus on various areas including IT. Although ICT always has played a 
particularly important role in any of them, its financial share decreased from 40% in FP2 
down to about 20% in FP6. These figures do not include the (small) Human Resources and 
Mobility (HRM) shares in FPs which of course also contribute to ICT.  

Despite this relative decline, IT continues to play a major role in the Commission as can be 
seen from the fact that besides the Directorate General (DG) Research there is the separate 
DG IST focussing to a large extent on ICT and its role in society. In fact ICT has been 
increasingly accepted as the driver of current growth, as witnessed by the past generation of 
unprecedented US productivity. Therefore it has become an essential policy priority in Europe 
as reflected by the Lisbon targets, since 2000.   

On the demand side, the low level of ICT-penetration, the growth effect of institutional and 
regulatory measures supporting the ICT products as a result of a more robust income growth 
create ample scope for the diffusion of ICT sectors.  On the supply side, real convergence and 
the narrowing of income/wealth levels between different regions (economic cohesion) will 
both be accelerated by ICT as well as closing the digital divide – if the policies are in place to 
enable this. 

We are now in the middle of FP6 (2002–2006) while FP7 is already beginning to take 
shape in the form of several reports produced under a variety of perspectives such as 
(Nordmann 2004, Wahlster 2004) and others. FP7 is expected to be implemented in 2006. The 
total budget of FP6 amounts to 17 B€ (billion Euros) of which 3.6 B€ are allocated to IST 
(information society technology) which of course includes IT. In comparison the EU spends 
ten times more on agriculture, or 40% of the entire EU budget on 2% of the employment. For 
FP7 the Commission aims at 13 B€ for ICT. The activities carried out in this area are intended 
to stimulate the development in Europe of both hardware and software technologies and 
applications at the heart of the creation of the Information Society. 

Since most funding is bounded by 50% of the total costs, the remaining costs being 
contributed by the partners, the total amount of investment is actually about twice as much. 
As the figures given in the previous section show still much more would be needed to meet 
the Lisbon targets and to extend the funding in accordance with the proposal at the beginning 
of the current section.  

A novel feature in FP6 are the additional funding schemes of integrated projects with a 
strategic and application-oriented focus and of networks of excellence supporting the 
collaboration of leading researchers in subareas (EC 2002), both of which have already 
brought encouraging results. 

Space restrictions do not allow of course to discuss the IT projects funded by the 
Commission in the past and investigate the effects of this funding in any detail. In fact 
systematic evaluations of this kind are rare and usually do not excel in precision and 
specificity, just like our discussions here. It seems nevertheless illustrative to have a look at a 
few selected projects in order to get a feel of what is done and what can be achieved (further 
examples are scattered within the remaining text). 
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Generally FP6 is funding projects in IT (or more generally IST) which are directed towards 
realizing the Ambient Intelligence (AmI) vision (Friedewald and Da Costa 2003). This 
human-centered approach aims to offer every European citizen, anywhere and anytime, any 
service, technology or application. Important technical elements of this approach are listed in 
the following table (for the technical details see Section 4). The subsequent basic research 
project is a good example in this direction. 

Table of Technical Elements of AmI 
Ambients Intelligence 

Embedded Systems Common sense reasoning 
I/O Devices Computational intelligence 

MEMS Context arousal 
Sensors Emotions and computing 

Smart materials Multimedia 
Ubiquitous Comms Multi-modal interactions 

Communities and Environments 
Participatory 

Prototyping, hands-on 
Security 

Software Engineering 
Technology Platform 
Integration Issues 

 

WonderWeb was an EU IST project funded by the initiative on Future and Emerging 
Technologies (FET) within FP6 (see http://wonderweb.semanticweb.com). Within the project 
an “Ontology Infrastructure for the Semantic Web” was built (Oberle et al. 2005). The project 
is a model for “strengthening the strengths” in European research and for aiming at European 
leadership in key technology. Namely, the web is obviously of outmost importance for 
science and technology as well as for society in general, now and in the forthcoming future. 
Its functions will be greatly enhanced by semantic features which “understand” the users’ 
intentions better than possible with statistically evaluated syntax as done with search engines 
like Google. 

In order to realize this vision knowledge must be processed in the web which in turn 
requires an ontology as a basic tool represented in some standardized language. The standard 
ontology web language OWL was developed (among other achievements) in this project 
which has been adopted internationally for the forthcoming semantic web. This success is 
grounded in the solid research basis in description logics within the European research 
community. 

The project could serve as an example for the idea behind the awards scheme proposal 
made further above in this section. This is because the participants could have been named by 
the international peers in this field off-hand because they know that the participants are the 
key players in the area. So the heavy paper work involved in any EU funded project could 
have been spared in this particular one as in many others by simply awarding those 
researchers funds without strings attached. In fact, senior scientists like the present author 
could easily contribute to add similarly promising names to the database envisaged above. 
(This also exemplifies that the HRM programme is not sufficient, as one might think at first 
sight, for what is proposed here.) 
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The Project CHIL (Computers in the Human Interaction Loop) is more generally aiming at 
realizing the AmI vision to provide computer services delivered to humans in implicit, 
indirect and unobtrusive way while they interact with humans. It comprises 15 competent 
partners from Europe and the US (http://chil.server.de). 

The Project Adaptive Services Grid (ASG) coordinated by the University of Potsdam 
(Prof. Weske) develops a software platform which combines the technologies of the Semantic 
Web (see above) and Grid Computing (see Section 4.9), a good example for the urgent 
vertical integration of technologies. With 26 partners it is a rather large project which plans to 
have a prototype of the ASG-platform ready by 2006. 

The big FP6 project Wear-IT-at-Work (http://www.wearITatwork.com) with 36 prominent 
big players (Airbus, SAP, Siemens etc.) under the coordination of Prof. Otthein Herzog not 
only aims at realizing the AmI vision in the sector of modeling work processes but 
additionally builds on the already mentioned European strength in mobile systems. The focus 
is on wearable systems which support the work processes in offices, factories or in the field 
(eg. for maintenance). This comprises the hardware, the input/output systems and the 
software. The project pursues 4 prototype scenarios: fire-brigade, hospital, aircraft industry, 
car industry. 

The project Apnee-Tu (coordinated by the Fraunhofer Institute for Applied Research, Prof. 
Thomas Rose) is an example for a successful public/private partnership which has led to the 
commercialization of informations from regulatory bodies through businesses. 

Another EU financed project is Macs (Multi-sensory Autonomous Cognitive Systems 
Interacting with Dynamics Environments for Perceiving and Using Affordances). The goal is 
to build robots which react flexibly to changing circumstances by exploration. 

Mirror is an EU funded project inspired by the so-called mirror neurons in primates which 
are characterized by the fact that they not only fire when the animal grasps actively but also 
when they watch another one grasping (ie. they mirror the other animals behavior to their 
own). Similarly the project develops a system called Cyber Glove using this idea which 
collects visual and movement data enabling a humanoid robot with arm and finger to behave 
in a complex way. The project has demonstrated the importance of representation and 
understanding for learning behavior.2 

The RobotCup Project (http://www.robotcup.org) technically coordinated by David 
Vernon more generally aims at the development of a humanoid robot with cognitive abilities 
acquired by exploration, manipulation and imitation of its environment. The project will also 
produce an opensource platform for robots developed out of Yarp (yet another robot 
platform). 

ORCHESTRA (Open Architecture and Spatial Data Infrastructure for Risk Management) 
is building a generic software infrastructure for coping with risk and desasters 
(http://www.eu-orchestra.org). 

Swarm-bots is a FET project coordinated by Marco Dorigo from the Free University in 
Brussels and inventor of the concept of swarm intelligence. It features robots which 
intelligently cooperate in a way as known from insects such as ants and has recently been 

                                                
2 Mirror neurons were first discovered by Vittorio Gallese and Giacomo Rizzolatti at the University of Parma. 
Only recently they together with Marco Iacoboni discovered a further function of mirror neurons (Iacoboni et al. 
2004). What is telling for the European situation is the fact that after their great first success they are now 
working at the University of California at Los Angeles and no more in Europe. 
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selected by FET as one of its success stories (see http://www.cordis.lu/ist/fet/ 
press.htm#success). 

Projects like the last five, a category of which many more examples could be given, are 
desirable because they typically require the participation of experts from various disciplines 
rarely to be found at a single institution or even in a single member state. So only on the 
European level is it possible to gather the collective expertise on an international quality level. 
In some cases even non-European researchers participate such as in RobotCup with Rodney 
Brooks from MIT as partner. Encouraging scientists to cooperate on challenging subjects of 
this kind is therefore an important ingredient in the EU funding policy. 

Occasionally this results even in the creation of a new area, as it happened with the newly 
emerging area of Cognitive Computer Vision triggered by FP5. It is converging in nature and 
extends the scope of traditional Computer Vision beyond object recognition and other familiar 
vision tasks to include a wide range of cognitive features. It was launched by funding a 
European Research network (http://www.ecvision.org) which included the design of a 
Research Roadmap (http://www.ecvision.org/research_planning/Research_Roadmap.htm) for 
this area as well as 9 projects within FP5 and sofar 10 projects within FP6, RobotCup just 
mentioned being one of these. 

We already mentioned in the previous section that Europe is ahead in grid technology. It is 
determined to build on this strength with a number of measures and with funds upwards of 
350 M€ (Rifkin 2004, p.47f). The project Enabling Grids for E-science in Europe is 
envisioned to create the largest international grid infrastructure in the world, operating in 
seventy institutions across Europe with some twenty thousand PCs (see also Section 4.6). 
Another project, coordinated by France’s National Center for Scientific Research, will 
connect seven supercomputers in Europe at optical network speeds. We come back to grid 
technology in Section 4.9. 

The EC programme organises two main external activities to look into its ICT futures– 
FISTERA and ISTAG. FISTERA (Foresight on IST in Europe Research Action) is a series of 
projects while ISTAG is the IST Programme Advisory Group which has set up a series of 
working parties to look to the future of these issues. Much is made of ambient computing 
discussed in more detail in the subsequent section. The IST Future and Emerging 
Technologies (FET), already mentioned above, supports visionary research projects that help 
define and concentrate new research areas for future IST. We will outline here the ISTAG 
activity. 

ISTAG is a formal advisory group with members nominated by the EC, complemented by 
a Social Impact group3, established in 2002 to offer advice to the Commission on the future of 
ICT in the FP. The activities of ISTAG will be organised around the main themes that will 
help achieve the above; they can cover:  

• the IST research content, including notably a revisiting – but not rewriting – and 
updating of the Ambient Intelligence Vision  (ISTAG WG1); 

• the research infrastructures, human resources and facilities include reflection on how 
Europe could build or reinforce its centres of excellence that are worldwide references 
and attract top researchers from all over the world (ISTAG WG2);  

                                                
3 “…The group will explore scenarios and visions for the socio-economic developments of the Information and 
Knowledge Society. It will operate as a reflection group providing suggestions on policy and research issues, and 
exploring the best use of ICTs in business and in private life. The role of the public authorities in these 
developments, including the regulatory framework, will be a major focus…” 
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• the exploitation of the research results and links between research and technology 
development and world standards, issues related to usability and acceptability in order 
to improve research impact (ISTAG WG3); 

• funding mechanisms and partnerships; this would notably include cooperation between 
different types of organisations (universities, national labs, large enterprises, SMEs), 
the coordination of IST and national activities/initiatives with, in particular, models 
and strategies for the best participation of “new members states” (ISTAG WG4). 

The visions of ISTAG in terms of the research perspectives are considered in the material of 
the subsequent section. For the future R&D and related policy agendas, ISTAG reviewed the 
work of 2002-3 and recently summarised its views (ISTAG 2003), which it sees in the 
following key areas. 
 

• Research for integration – using different technologies to reach the aims 
• Open standards – allows innovation and flexibility while allowing co-operative working 
• Interoperability – needed for seamless and diverse implementations and layering 
• System level focus – mastering complexity by aiming for integration of sub- and systems 
• Utilisation of available resources – ERA type objectives of focusing research cohesively 
• Alignment of public procurement – using the 15% GDP as lead users to create markets 
• Grand challenges – to demonstrate that technology based systems can solve major problems 
• Experience and Application Centres in labs and real world cases – like schools, hospitals. 

The prerequisite for producing top researchers in IT or elsewhere is an efficient high-
quality educational system. Again the national instruments often seem not effective enough to 
stimulate innovations in the system. Of course the EU by its legal construction is restricted in 
this direction to a limited number of measures such as awarding funds to excellent educators 
in the sense of the awarding scheme proposed above. Another such measure is the excellent 
Erasmus Mundus programme which is defined as follows. 

“The Erasmus Mundus programme is a co-operation and mobility programme in the field 
of higher education (see http://europa.eu.int/comm/education/programmes/mundus/index_en. 
html). It aims to enhance quality in European higher education and to promote intercultural 
understanding through co-operation with third countries. The programme is intended to 
strengthen European co-operation and international links in higher education by supporting 
high-quality European Masters Courses, by enabling students and visiting scholars from 
around the world to engage in postgraduate study at European universities, as well as by 
encouraging the outgoing mobility of European students and scholars towards third 
countries.”  

The programme features a planned financial envelope of 230 million Euro for the period 
2004–2008 and complements the Erasmus programme which exists since 1987. For students it 
is a very popular programme. Some 1.2 million have already been funded for studying abroad 
within the EU for a limited time. But also professors are seizing these opportunities; in 
2003/2004 18500 taught at a partner university. There is probably no better way to exchange 
knowledge among the member states, foster the integration of Europe and the cooperation 
with the rest of the world at the educational level. 

Space and time restrictions do not allow to present here a detailed analysis of funding 
programmes in IT within the member states. In terms of money they surpass EU funding by 
far. For instance, Germany has funded R&D just in microsystems with 540 M€ (million €) in 
the years 1990–2002. In (Rogers 2004) the ICT futures perspectives of the 11 member states 
(MS) Austria, Belgium, CZ Republic, France, Germany, Hungary, Ireland, Netherlands, 
Spain, Sweden, and UK are described. An analysis of the key topics in the programmes of 
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these MS resulted in the observation that there are by far not enough efforts towards a 
technology push as considered in the Lisbon strategy. The majority of efforts are focussed on 
“new generation-” and application-type topics and relatively little on new research areas. 

 

4. Forward Look: Long-Term Challenges and Visions 
The present section covers the core contributions of the present report. While the previous 
sections treated the past and present, we are now looking into the technological future by 
projecting the current state of the art and current trends into the next 10 to 15 years. 

The presentation follows a top-down approach which is described in more details in the 
first subsection. Each subsection does not only outline promising perspectives in a particular 
subarea of IT but points to particular opportunities for the European Research Area. 

4.1 Introduction 
Information Technology (IT) is a wide field. A perspective of its future development has to 
structure the field in a meaningful way according to some abstraction. The abstract view taken 
here is described in detail in the subsequent subsection. This includes a compact 
circumscription of what IT stands for. The subsection also sets the pointers to the material 
contained in the remainder of the section.  

The structure adopted in the present section is a top-down one. Top means the 
phenomenological level of IT systems in some environment, bottom the physical level of such 
a system. In between we find a number of levels of abstractions which are common in this 
field. 

In IT we experience the trend towards modelling more and more of reality in 
computational systems. There is literally no part of reality which might not be subject to such 
modelling, including intelligent human beings as the most challenging goal. This explains 
why we start with Artificial Intelligence in Subsection 4.3 and Virtual Reality in 4.4 as the 
most general system behaviour. 

Systems are embedded in reality, foremost they are used by humans in their various 
domains of activity. So already at the phenomenological level we have to take the interaction 
of systems with humans and with fields of applications into account which therefore are 
treated in the subsequent subsections 4.5 and 4.6. Besides their interaction with humans, 
systems are embedded in all of reality including the physical one which is the topic of 
Subsection 4.7. So altogether sections 4.3–4.7 all deal with the modelling of the real world 
and its interaction with these artifacts. 

Virtually any IT system is made up of software and hardware. The view on such a system 
is generally structured in terms of layers of abstraction. At the highest level we have the 
software programmed in some high-level programming language. Programming is therefore 
the next topic in Subsection 4.8. The architectural layer is one of the important intermediate 
layers which is discussed separately in Subsection 4.9, while 4.10 takes a look at all those 
levels at the same time. The lowest level is then the physical one covered in Subsection 4.11. 

Each of this nine topics offers a fascinating perspective for future development and the text 
points to a great variety of technological opportunities. Additional pointers for a large list of 
technologies can be found in a table in (Compaño et al. 2004, p.68f) along with an indication 
about the standing of Europe in comparison with its competitors for each of them. All these 
pointers are given with the idea in mind that the ERA may seize these opportunities towards a 
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beneficial economic development in Europe. Apart from these detailed hints the section ends 
in Subsection 4.12 with a list of challenge problems which are suggested for a special 
consideration in the next European Framework Programme FP7. 

4.2 Structuring IT 
An area like Information Technology (IT) is so wide that the recognition of trends requires a 
particularly high level of abstraction to avoid being drowned in a sea of zillions of details. In 
order the abstraction to be meaningful it needs to be based on the essence characterizing the 
field. What is the essence characterizing IT and the science behind it which is computer 
science? 

As the name suggests IT deals with information and its processing. So then what is 
information? Basically, information requires two things: a phyical pattern and an interpreting 
process. For instance, hieroglyphs carry information only for those who possess the 
interpreting process ie. the semantics of the underlying language, DNA can be read only with 
the biochemical processes realized by nature and by biotechnology, the program stored in the 
memory of a computer as a binary code can be executed by a computer only by means of a 
compiler or interpreter, and so forth. In any of these and many other examples there is a 
physical pattern (the hieroglyphs, the DNA double helix, the bit sequence) and an interpreting 
process. 

As to the physical pattern it can be digital or continuous. The three examples all employ 
digital patterns. An example of a continuous pattern is any spoken sentence (addressed to 
some person understanding the same language). 

Nature holds a great variety of interpreting processes in store. In addition to our example of 
the biochemical processes involved in interpreting DNA we may mention another example 
from physics. Think of a particle a hitting another one b. The impulse of b after the collision 
is the result of a certain combination of the ones of a and b before the collision. So the 
impulse of a particle may as well be regarded as a physical pattern which is interpreted by a 
physical process which in this case we call collision. There are countless of physical 
phenomena like our example of particle collisions. In other words, information processes are 
abundant in the physical world; the quantum mechanical phenomena of matter may in fact be 
viewed as an informational ones. As we enter the post-silicon area of computation we have to 
keep this fact in mind, and it is for this reason that we started this subsection with these very 
general comments. 

Computers realize information processes but they are particular in the following sense. 
Namely, they realize universal computational (or interpreting) processes which means that 
any computational process can be simulated on a computer. This statement is subject to 
Church’s thesis which for traditional computation has generally been taken for granted (while 
new forms like quantum computing – see Section 4.11 – might change this attitude). This is 
what makes computers so flexible and universally useful. 

The period of the evolution of computer systems over the past half century has opened a 
wide gulf between the computational (or artificial or virtual) and the real world. The patterns 
given as input to a system for interpretation (in the sense of the information concept defined 
above) mostly is only poorly reflecting the original patterns of reality. In contrast, in nature 
computation (or information processing) is intimately woven into various other patterns 
(physical, chemical, biological, etc.). It has therefore been recognized that like in nature 
computation favorably should more closely be embedded into the real (physical, biological, 
cognitive and social) world. This is the deeper reason for the recent emergence of topics like 
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ambient intelligence, ubiquitous computing, and so on; these topics will be discussed in the 
subsequent five sections. 

Coming back to the information processes carried out by computers, a fundamental feature 
of the underlying methodology is the distinction of various levels of abstraction. The lowest 
level is characterized exclusively by physical processes; in other words computers at the basic 
level are physical devices.4 The next level up abstracts from the physical details and is 
characterized by bits. With several further intermediate levels (such as computer architecture, 
abstract machine, assembler, operating system, efficient programming language) we 
eventually reach the application level at which the computer in some way substitutes an 
expert in the field of application. We have not yet reached the level at which experts might 
communicate with computers the way they communicate among their likes. 

Running programs on computers partially consists in an interpreting process which 
transforms information represented on a given level in terms of the corresponding information 
on the next lower level. There is still a great potential for improvements at each of these 
levels. This holds especially for the case where computing devices are embedded in technical 
and real world systems as described above. This potential is discussed in Section 4.11 for the 
physical level and in Section 4.10 for the higher ones. The sections 4.8 and 4.9 are pertinent to 
this context and covering special issues of particular relevance. Their contents are briefly 
discussed as follows. 

Any system may be characterized in two different ways, namely by its requirement 
specification (or spec for short) and by its code. The spec makes the function of the code 
accessible to users (and systems) in a declarative way. It is more abstract in the sense that 
different codes may fulfil the same spec (while truly differing specs may never belong to the 
same code). The spec is therefore the appropriate piece of information for characterizing the 
system and its embedding in the environment. This fact will be used in the subsequent topics. 

In principle a complete spec is all one needs to automatically derive from it a working 
system. Program synthesis, as the method underlying such a derivation is called, however has 
proved to be extremely hard in general. Recent trends in object-oriented modelling have given 
a fresh push to the efforts towards automating programming to a higher degree, centering 
around UML. Given the billion Euros market for software this issue is worth a special focus 
which here can be found in Section 4.8. 

With an appropriate focus on specs further profitable advances could be achieved. For 
instance, they would allow to identify common subproblems, hence the sharing of 
components, in a systematic way. They also would enable a better interoperability of different 
systems. If the spec would include a modelling of the environment, including the users, the 
embedding in the widest sense could be enhanced substantially. We address all these issues in 
Subsection 4.8 as well. 

4.3 Artificial Intelligence 
The longterm goal of making systems as smart as, or even smarter than, people is pursued in 
the area of Artificial Intelligence (AI). This goal of could also be termed “virtualization of the 
human mind” although the bodily basis has to be taken into account as well. AI has matured 
at a remarkable speed after the hype of the eighties of the last century. The nineties have 
witnessed spectacular successes like the defeat of Chess World Champion Kasparov against 
the system Deep Blue or the automatic proof of a mathematical conjecture which was open 

                                                
4 One has to note that from the human point of view this physical level is not accessible with our cognitive 
means other than again through an abstracting description in some technical language. 
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for sixty years. More important is the fact that AI technology is now integrated in a great 
many systems like in Windows, in web technology systems (eg. search engines), etc. It has 
become essential for many applications (like data mining). 

AI is vigorously driven by a long-term vision. The field aims at both understanding human 
intelligence and realizing intelligence in human-made systems. These two goals are intimately 
connected and cannot fruitfully be pursued in separation. Unfortunately, for certain historical 
reasons the research communities at some point around the late seventies of the last century 
have been separated to some extent into those who pursue the study of human intelligence 
under the label of Cognitive Science (CogSci) and those who build intelligent systems (AI). In 
order to overcome this unfortunate scism, it has been proposed to reunite the two parts CogSci 
and AI under the common label of Intellectics (Bibel 1992).  

Here, in the context of IT, we will focus mostly on the AI part of Intellectics and refer to 
(Bibel et al. 2004) for the general Intellectics perspective. From an IT point of view AI refers 
to implanting into IT systems so much intelligence that they are able to cooperate with 
humans at the same level as do humans among themselves. Since “intelligence” is not a 
simple method or technology or tool but rather a complex set of behavioral capabilities and 
strategies AI possibly requires all other technology as its basis. It is for this reason that in our 
top-down presentation we place it at the beginning. 

It has now become a standard to structure this wide area of AI from the viewpoint of an 
intelligent agent in a complex environment (cf. the leading textbook on AI, Russell and 
Norvig 2003). In fact the environment may itself be regarded as such an agent or a collection 
of different agents, so that the agent view allows a uniform treatment of many aspects of the 
world. Under this view even grid computing discussed in Section 4.9 might be regarded as 
distributed AI with a great variety of agents, although AI has rarely taken into account the 
kind of low-level “agents” now considered in grid computing (such as electronic devices 
possibly at the nano-level). Nevertheless the relationship suggests that AI and grid computing 
should definitely cooperate. 

The core of AI consists in problem solving techniques at various levels of sophistication 
whereby the term problem solving is used in its broadest sense and includes planning, 
decision making, designing, and so forth. The simplest level considers the world as a space of 
(labeled) state points and the problem solving activity consists in a search for a path from the 
current state to a desired one. Simple as this approach is, its applicability is virtually unlimited 
because many practical problems may be modelled within this paradigm. The last ten years of 
research have for instance led to extremely successful general methods for solving hard 
algorithmic problems by stochastic local search guided by metaheuristics (Glover 1989; Hoos 
and Stützle 2004). Some of the metaheuristics are copied from nature’s mechanisms such as 
evolution (evolutionary algorithms or computation, genetic algorithms and programming) 
(Holland 1975; Rechenberg 1973; Fogel et al. 1966), from natural behavior of biological 
beings such as ants (Bonabeau et al. 1999; Dorigo and Stützle 2004), or are derived from the 
neuronal model of the human brain (connectionism) (Rumelhart et al. 1986). These search 
techniques are not only extremely successful on standard architectures, but may have 
applications in future computational devices as well which perhaps integrate biological 
mechanisms.  

At the next level of sophistication the labels attached to states become structures. With this 
structural enrichment problem solving may amount to the classification or the learning of 
features in certain applications. If we go a step further states are not just labeled points, but 
characterized by the knowledge available about them. At this level the agent has general 
knowledge about the world including knowledge concerning the utilities of certain states and 


