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Preface 
In the 1950s and 1960s, most OECD countries grew rapidly as they recovered from the 
war and applied US technology and knowledge to upgrade their economies. Growth of 
GDP per capita in Western Europe reached almost 4% annually over the 1950-73 period, 
and Japan grew even more rapidly. This catch-up period came to a halt in the 1970s; in 
fact, average growth rates of GDP per capita since the 1973 for much of the OECD area 
were only half of the preceding period. In the 1990s, a few OECD countries, including 
the US, had seen acceleration in growth of GDP per capita. On the other hand, some of 
the other major economies have lagged. This divergence has caused renewed interest in 
the main factors driving economic growth and the policies that might influence it. 

The suspicion that persistent differences in growth across countries may have something 
to do with technology has been around for a long time. In spite of the massive and 
systematic exploitation of scientific discoveries and technological innovation, however, 
economists were unable to understand – or possibly just uninterested in – the sources of 
innovation. Since the mid-1980s, economists have to some extent addressed this gap. 
Articles on technical change are published frequently in mainstream journals. New data 
sources have been created and conferences on this issue are held with increasing 
frequency. Even politicians, who have for long preferred to rely on the advice of natural 
scientists and engineers, have allowed the advice of economists to inform their science 
and technology policies. While it was largely heterodox economists who first analyzed 
technical change, orthodox economists have also increasingly turned to the study of the 
determinants of innovation. 

This research monograph is a brief review of the literatures on various issues that help 
understand the critical role of technological innovation in long-term economic growth. 
They include studies on long-term income growth since 1820; historical reviews of the 
technological progress in the capitalist development; the literature on productivity gap 
and convergence; management of technology, a discipline emerged in the mid-1980s; 
and the R&D policy as a critical element of economic growth policy. 
The author expresses his gratitude to the referees for constructive comments. 
 
 
 
 

December, 2005 

Jung Taik Hyun 

President 
Korea Development Institute 
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Summary 

Income Growth, Productivity Gap and Convergence 
US per capita GDP grew at an annual average rate of 1.8% between 1870 and 1998. The 
major acceleration above the long-run trend was in the post-war golden age, 1950-73. 
Starting from the same level of productivity and per capita income as the US in the mid-
19th century, Western Europe fell behind steadily to a level of barely half in 1950, and 
then began a rapid catch-up. Western Europe, Japan and the US were approaching 
equality of income by the later 1980s. 
Since the early 1970s, growth has been slower: average growth rates of GDP per capita 
for much of the OECD countries were only half of the preceding period. This triggered 
widespread concern over the possibility of continued slow growth or even retardation in 
coming decades. There was a growing sense of insecurity and instability, alongside 
rising indicators of malaise such as unemployment. Since the 1980s, there has been a 
new wave of interest in economic growth, catch-up and convergence. In the 1990s, a 
few OECD countries had seen acceleration in income growth, while other major 
economies have lagged. This divergence has caused renewed interests in the main 
factors driving economic growth and policies that might influence it.  
The suspicion that persistent differences in economic growth across countries may have 
something to do with technology has been around for a long time. In spite of the 
massive and systematic exploitation of scientific discoveries and technological 
innovations, economists were unable to understand – or possibly just uninterested in – 
the sources of innovation. Since the mid-1980s, economists have, to some extent, 
addressed this gap. In the 1980s, it became obvious that the neoclassical growth theory 
had little to offer in terms of policy advice. Even the new growth model has, due to its 
high level of abstraction, short-comings for managers and policymakers confronting 
concrete problems: its assumption suppresses the rich complexity of real-world 
technological innovations. 
The technology-gap theory recognize technological differences as the prime cause for 
differences in GDP per capita across countries, and argued that technology is embedded 
in organizational structures (firms, networks, institutions, etc.), and is difficult and 
costly to transfer from one setting to another. Technical change is analyzed as the 
outcome of innovation and learning activities in organizations, and interaction between 
these and their environment. The path-dependency of this process is often emphasized: 
country-specific factors influence the process of technological change, and thus give the 
technologies of different countries a distinct national flavor. Thus, the concept of 
national innovation systems – each with its own specific dynamics – is used as an 
analytical device. 
Empirical studies on technology-gap suggest that catch-up is very difficult and only 
countries with appropriate economic and institutional characteristics will succeed. 
Countries characterized by a large technological gap and a low social capability run the 
risk of being caught in a low-growth trap. As a country moves closer towards the 
technological frontier, indigenous technological capabilities become more and more 
important. 
The catch-up literature is mostly descriptive, with emphases on historical analysis. 
However, it has not been very successful in explaining why some societies are 
technologically more creative than others. The diversity of technological history is such 
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that picking up regularities in this massive amount of qualitative and often uncertain and 
incomplete information is hazardous. Yet without it, the role of technology in history of 
economies will remain incomprehensible. 
Economic growth can occur as the result of four distinct processes: increase in the 
capital-labor ratio, increases in trade, increases in the stock of human capital, and scale 
and size effects. These four forms of economic growth reinforce each other in many 
complex ways. Studies on technological change inevitably must move between an 
aggregate and the individual level of analysis. The economic historian is directed to the 
macro foundations of technological creativity, that is, what kind of social environment 
makes individuals innovative; what kind of institutions create an economy that 
encourages technological creativity? 
For a society to be technologically creative, many diverse conditions have to be 
satisfied simultaneously. There must be a cadre of ingenuous and resourceful innovators. 
Socioeconomic institutions have to encourage potential innovators. Innovation requires 
diversity and tolerance: in every society there are stabilizing forces that protect the 
status quo. Some of these forces protect entrenched vested interests that might incur 
losses if innovations were introduced.  
The technology stalemate perspective accord with the long-wave hypothesis – the 
exhaustion of technological styles in the later phases of long-waves: the diffusion of 
ICT remained limited across sectors of the economy; their full impact will come when 
they became pervasive in their adoption across a wide range of user industries. It seems 
likely that there will be high R&D costs and only limited economic payoffs in such an 
area for a considerable time to come, though the long-term payoffs are prospectively 
massive. 

Technology, Competition and Industrial Dynamics 
In place of the static competition based on prices and costs, characteristics of much of 
the relatively stable postwar boom era, competition in the ensuing years has become 
more dynamic, based on product differentiation, with quality (relative to price) as the 
prime issue. This dynamic competition is manifested in expanding product ranges and 
shortening product lifecycles. Organizational change permit-ting success in dynamic 
competition (flexible automation, flexible specialization, and dynamic networks) 
becomes major ingredients of competitive advantage, but dynamic management is 
necessary to bring them about. 
There has been growing diversity of products and technologies. Applicable science 
becomes far more interdisciplinary. The scientific and technological complexity of each 
product has been rising. Pervasive technologies were being installed in an ever-
widening range of products. Even older products have been de-maturing and drawing 
upon this broadening range of technologies. Production of top-end, high quality items 
necessitated commitment to technology as well as design. Many more technologies are 
required to produce a single product, and many more products are produced from a 
given technology. The managerial implications were intensely complicated. The 
mapping of relationships between technologies and products was becoming hugely 
complicated and traditional firm and even industry boundaries were loosing their 
rationale. The obvious need and most difficult accomplishment was to develop 
heuristics for ‘systemic coordination’ to realize economies of scale, in the context of an 
ever-moving target. The rapid diversification of products was further accentuated by the 
globalization of product competition. 
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There is emerging an intellectual paradigm of management of technology (MOT), as 
studies about scientific and technological progress have been accumulating and as 
techniques for technological innovation have been developed. The issues central to 
MOT include: 

 Understanding ling-term economic development; 
 Understanding how national S&T infrastructures contribute to competitiveness; 
 Forecasting changes in technologies; 
 Effectively managing the engineering and research functions in business systems; 
 Integrating technology strategy and business strategy. 

Market failures and Policy Responses 
The strategies and policies that affect the development and use of technology must be 
conceptualized and analyzed in the context of the broader economic growth process. 
More comprehensive policy analysis involves the assessment of technology, business 
strategy, and economic trend. 
Industrial technologies are mixed assets in that they have both private and public 
elements. The R&D process that produce public elements should be financed to varying 
degrees by sources beyond a single firm. Market failures that appear either at specific 
phases of R&D process or are associated with specific types of R&D that focus on 
public elements vary significantly in severity across technologies and the associated 
industry structures thus require targeted policy responses. 
Policy analysis can be grouped into 3 categories. 1) Market failures are identified and 
characterized, which lead to rationales for R&D support programs. 2) R&D programs 
approved should be implemented through strategic planning. 3) Economic impact 
assessment studies should be regularly conducted to determine the effectiveness of 
various projects within the program. 
Over the last two decades, considerable efforts have been made to improve the design 
and conduct of effective policies. Increasing attention is paid to the way in which 
evaluation can inform strategy. Past behavior is analyzed (evaluation), technological 
options for the future are reviewed (technology foresight), and the implications of 
adopting particular options were assessed (technology assessment). The results of such 
strategic intelligence tools are exploited in the formulation of new policies. It has 
become obvious that there is a need to use such tools in more flexibly and intelligently 
combined ways, thereby exploiting potential synergies of the variety of strategic 
intelligence pursued at different places and levels across countries. 
The concept of ‘distributed strategic intelligence’ starts from the observation that policy 
makers only use or have access to a small share of the strategic intelligence of potential 
relevance to their needs, or the tools and resources necessary to provide relevant 
strategic intelligence. Such assets exist in a wide variety of institutional settings and at 
many organizational levels. Consequently, they are difficult to find, access, and use. 
Hence rectifying this situation will require efforts to develop inter-faces enhancing 
transparency and accessibility of already existing information, and convince potential 
users of the need to adopt a broader perspective in their search for relevant intelligence 
expertise and output. 
 
 

 



1. Introduction 
The characteristics of modern capitalist development since 1820 are rapid growth of 
output and international trade, unparalleled accumulation of physical and human capital, 
and technical progress. The best performance was in the post-war golden age 1950-1973, 
when per capita income improved dramatically in all regions. Since the early 1970s, 
however, growth has been slower, triggering widespread concern over the possibility of 
continued slow growth or even retardation in coming decades. 

The suspicion that persistent differences in long-term growth across countries may have 
something to do with technology has been around for a long time. However, this is not 
consistent with the way technology is conceived in the neoclassical theory of growth. In 
the 1980s, it became obvious that the neoclassical growth theory had little to offer in 
terms of policy advice, a problem that became more acute as the economic problems of 
slow growth and high unemployment became more pressing in many countries. New 
growth models are developed, in which technical advance depends either on the amount 
of resources devoted to innovative activities or on investments in physical and human 
capital. However, because of its high level of abstraction, the new growth theory has 
different shortcomings for managers and policymakers confronting concrete problems: 
its assumption of the aggregate production function suppresses the rich complexity of 
real-world technological innovations. 

Since the 1980s, there has been a new wave of interest in economic growth, catch-up 
and convergence. Mainstream economists have discussed this issue extensively, but they 
failed to explain the observed differences in growth across countries. On the assumption 
that technology is a public good, the neoclassical model of growth predicts that, in the 
long run, GDP per capita in all countries will grow at the same rate of technical progress. 
In this framework, transitional dynamics explain differences in growth across countries: 
due to different initial conditions, countries may grow at different rates in the process 
towards long-run equilibrium. Countries with low capital-labor ratio should be expected 
to have a higher rate of profit on capital, a higher rate of capital accumulation, and 
higher per capita growth. Therefore, the gaps in income levels between rich and poor 
countries should be expected to narrow and ultimately disappear. 

In order to explain the persistent differences in growth rate across countries, researchers 
began to consider the existence of technology gap across countries. The technology-gap 
theories recognize technological differences as the prime cause for differences in GDP 
per capita across countries. They accept the public-good characteristics of technology, 
but do not see these as essential. Rather they emphasize that technology is embedded in 
organizational structures (firms, networks, institutions, etc.), and is difficult and costly 
to transfer from one setting to another. Firms, characterized by different combinations of 
intrinsic capabilities, are seen as key players. Technological change is analyzed as the 
joint outcome of innovation and learning activities in organizations, especially firms, 
and interaction between these and their environments. The path dependent character of 
this process is often emphasized. Country-specific factors are assumed to influence the 
process of technological change, and thus give the technologies of different countries a 
distinct national flavor. Thus, the concept of national innovation systems – each with its 
own specific dynamics – is used as an analytical device. 
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Most empirical technology-gap studies have focused on the growth of OECD countries 
– the gap in labor productivity (GDP per hour worked) between the US and European 
countries and Japan. From 1870 until the end of World War I, the US increased its lead, 
and it remained virtually unchanged during the inter-war period. The US lead increased 
further during the wartime decade of the 1940s. But since around 1950 the gap has been 
shrinking. The reduction of the gap was particularly evident during the high-growth 
period of the 1960s and early 1970s. Thus, catching-up is essentially a post World War 
II phenomenon. These studies have been criticized as an example of a ‘ex post selection 
bias’: although the group of converging countries probably extends beyond the OECD 
area, there is little support for convergence when all developing countries are included. 
Thus, this debate has a very clear conclusion: a simple catch-up model is not sufficient 
to explain persistent differences in economic growth across countries. This would 
certainly not surprise the group of economic historians who initiated much of this work 
and took into account other economic, social, and institutional factors. What this whole 
literature suggests is that catch-up is very difficult and only countries with appropriate 
economic and institutional characteristics will succeed. Countries characterized by a 
large technological gap and a low social capability run the risk of being caught in a low-
growth trap. Indigenous technological capabilities become more and more important as 
a country moves closer towards the technological frontier. A certain level of R&D is a 
necessary condition for successful imitation. The tendency towards convergence across 
countries in productivity levels was paralleled by a similar tendency for levels of R&D 
and patenting activity. 

Much of the catch-up literature is descriptive, with an emphasis on historical analysis. 
The vast literature on technological change, however, has not been very successful in 
explaining why some societies are technologically more creative than others. Although 
economists, sociologists, and historians have written extensively about this question, 
they have found its explanation elusive. There are good reasons for this lack of under-
standing. The diversity of technological history is such that almost any point can be 
contradicted with counter examples. Picking up empirical regularities in this massive 
amount of qualitative and often uncertain and incomplete information is hazardous. Yet 
without it, the painstaking work of technological historian seems pointless, and the role 
of technology in history of economies will remain incomprehensible. Economic growth 
can occur as the result of four distinct processes: increases in the capital-labor ratio, 
increases in trade, increase in the stock of human knowledge, and scale and size effects. 
These four forms of economic growth reinforce each other in many complex ways. 
Studies on technological change inevitably must move between the aggregate and the 
individual levels of analysis. Economic growth is by definition an aggregate process, 
the processes of invention and adoption. The economic historian is directed to the macro 
foundations of technological creativity, that is, what kind of social environment makes 
individuals innovative; what kind of institutions, incentives, and stimuli create an 
economy that encourages technological creativity? 

In the long run, technologically creative societies must be both inventive and innovative. 
Invention and innovation are complements. Without innovation, inventors will lack 
focus and have little economic incentive to purse new ideas. Inventions are usually 
improved, debugged, and modified in the implementation stages in ways that qualify the 
small changes themselves as inventions. Without invention, innovation will eventually 
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slow down. The diffusion of innovations to other economies often requires adaptation to 
local conditions, and has in most cases implied further productivity gains as a result of 
learning by doing. For a society to be technologically creative, many diverse conditions 
have to be satisfied simultaneously. There must be a cadre of ingenuous and resourceful 
innovators. Economic and social institutions have to encourage potential innovators. 
Innovation requires diversity and tolerance: in every society there are stabilizing forces 
that protect the status quo. Some of these forces protect entrenched vested interests that 
might incur losses if innovations were introduced. Technological creativity needs to 
overcome these forces. 

Western Europe, Japan and the US were approaching equality of incomes by the later 
1980s. The US became a substantial net importer of capital, especially from Europe. Per 
capita income growth in the US slowed considerably in this period as compared with 
that during the long postwar boom. In the follower countries the impact upon growth 
rates was less marked, but there was unquestionably a growing sense of insecurity and 
instability, alongside rising indicators of economic malaise such as unemployment and 
inflation rates. Many of the causes that have been proffered for the slowdown have been 
regarded as not just immediate causes of the shift from expansion to retardation, but as 
basic causes of the continued retardation. Macroeconomic policies of demand manage-
ment no longer seemed able to deliver the kind of boom conditions experienced in the 
1950s and 1960s. National economies had become increasingly inter-linked by trade 
and payments ties, and so were less and less able to manage their domestic economies 
without reference to international influences. Also, the assumption of elastic supply and 
abundance of resources were looking vulnerable by the late 1960s. During the golden 
age, technical progress was biased towards extensive use of materials and energy. Labor 
costs, as a proportion of total costs, also rose during the 1960s: there were mounting 
political battles between capital and labor. Scholars interpreted this as a squeeze on 
profits, depressing capital accumulation. More apparent in the early 1970s was evidence 
of actual or prospective shortages of fuels and materials, relative to future population 
growth. The hitherto wasteful use of materials was also linked to growing anxieties 
about pollution and the ecosystem. 

The hypothesis in the technology stalemate perspective was a belief that innovations 
have shifted from fundamental changes toward more limited improvements. The high 
growth of the 1950s and 1960s had established a ‘virtuous circle’ in which high growth 
gave rise to high profits, which in turn permitted high rates of investment and thus 
further high rates of growth. This virtuous circle was turned into a ‘vicious circle’ when 
profit rates collapsed. The R&D intensity failed to rise greatly and for a period actually 
declined in the US. But it is not clear that the correlation between R&D expenditures 
and slowdown in growth is especially strong. An alternative possibility is that the 
productivity of R&D was falling. There is some consensus that the uncertain business 
condition from the early 1970s induced a shift from long-term exploratory research to 
short-term payoffs and minor improvements. There was also a certain amount of R&D 
‘wasted’ on long-term projects directed at the short-term causes of the retardation, e.g. 
searching for alternative oil sources. 

Some of the above arguments accord with the long-wave hypothesis concerning the 
exhaustion of technological styles in the later phases of the long wave: the diffusion of 
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information and communications technology (ICT) remained limited across sectors of 
the economy. The upswing from the 1930s was seen as being led by industries whose 
fundamental innovations dated back about half a century. These were not necessarily the 
fast-growing industries, but their impact on GNP was more substantial because they had 
grown to significant size. By the same token, the industries like electronics that were 
based on more recent fundamental breakthroughs were perhaps not yet sufficiently large 
in absolute size to offset weakness elsewhere. Their full impact will come when they 
became pervasive in their adoption across a wide range of user industries. It seems 
likely that there will be high R&D costs and only limited economic payoffs in such 
areas for a considerable time to come, though the long-term payoffs are prospectively 
massive. It remains to be seen how adequate the institutions will be in accommodating 
these science-led developments. The economics of high-tech industries seem to depend 
not on technological imperatives, nor greatly on economic circumstances such as the 
relative price of labor, but primarily on managerial-organizational determinants, which 
are conditioned by ideological and institutional factors. 

In place of the static competition based on prices and costs, characteristic of much of 
the relatively stable postwar boom era, competition in the ensuing years has become 
more dynamic, based on product differentiation, with quality (relative to price) as the 
main issue. This is related to the shift of consumer tastes towards positional goods. This 
dynamic competition is manifested in expanding product ranges and shortening product 
lifecycles. The diversity of products was also fostered by shortened product cycles. 
Organizational changes permitting success in dynamic competition (flexible automation, 
flexible specialization, and dynamic networks) become major ingredients of competitive 
advantage, but dynamic management is necessary to bring them about. Furthermore, the 
convergence of manufacturing and services increased complexity and inter-relatedness 
of the structure of industries. Firms are responsible for developing production processes 
and administrative structures to link particular technologies to particular products. There 
has been increasing diversity of products and technologies. Applicable science itself 
becomes far more interdisciplinary. Thus the scientific and technological complexity of 
each product was rising. At the same time, pervasive technologies (most obviously 
microchips) were being installed in an ever-widening range of products. Even older 
products were de-maturing and drawing upon this broadening range of technologies. 
Production of top-end, high-quality items necessitated commitment to technology as 
well as design. Many more technologies are required to produce a single product, and 
many more products are produced from a given technology. 

The managerial implications were intensely complicated. Some companies sought to 
specialize in particular products but increasingly found their grasp of technologies 
inadequate, while others sought to specialize in particular technologies but then found 
themselves losing product markets. The least effective strategy for most companies was 
trying to persevere with the whole rapidly extending range of both technologies and 
products in a particular industry. Diversification was inevitable if the companies were to 
continue to grow, but that diversification just as inevitably imposed rising costs, at least 
in the short term. As the core technological paradigm shifts towards ICT, firms acquired, 
divested or exchanged particular businesses as often as whole companies. In most cases, 
it did not prove possible to track all the technologies plus all the products in-house, even 
after the reshuffling of company boundaries through M&A. This helps explain the 
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growing importance of formal and informal networks – the mapping of relationships 
between technologies and products was becoming hugely complicated in many cases 
and traditional firm and even industry boundaries were loosing their rationale. The 
obvious need and most difficult accomplishment was to develop heuristics for ‘systemic 
coordination’ to realize economies of scale, in the context of an even-moving target. 
Much of the economics and management literature emphasized lead times and the 
advantages of being a first mover. But such innovation often carried with it high costs in 
developing either the technologies or the product markets. In practice, the reduction in 
costs of imitation as compared with innovation often titled the balance of advantage 
towards the fast second strategy, which required additional incremental innovation to 
produce cheaper or better new products. 

The rapid diversification of products was further accentuated by the globalization of 
product competition. This does not mean a convergence of world product types to the 
extent of selling the same goods in the same way in all world markets. Instead the 
objective of companies is to tailor their products to the needs of specific markets, while 
retaining a degree of technological and organizational synergy. Globalization still has a 
long way to go outside of marketing, and most evidently so in the development of 
technology. The term globalization has been coined as an allegedly more accurate 
description of the current situation. The technology of particular firms has become more 
internationalized in product markets that are most differentiated from country to country, 
be it high-tech products such as pharmaceuticals or low-tech products like building 
materials. This comes from the need to adapt the product in question to local needs. 

There is now emerging an intellectual paradigm of management of technology (MOT), 
as studies about scientific and technological progress have been accumulating and as 
techniques for technological innovation have been developed. In the 1980s, many who 
had been involved in studies about R&D management and science administration got 
together and emphasized that technological innovation is an intellectual topic lying in 
the interface between engineering and management. Since then, filling in that interface 
has been the focus of the MOT research and education community. They have been 
building a shared understanding that the interface between engineering and management 
is the integration of technology systems into enterprise systems, which consists of 
viewing the totality of technological innovation as interactive changes between systems 
of economy (science and technology infrastructures and business systems) and systems 
of knowledge (science and technology). In this paradigm, the following issues are 
central to MOT: understanding long-term economic development; understanding how 
national science and technology infrastructures contribute to competitiveness; fore-
casting changes in product, production, and service technologies; effectively managing 
the engineering and research functions in business systems; and integrating technology 
strategy into business strategy. 

The strategies and policies that affect the development and use of technology must be 
conceptualized and analyzed in the context of the broader economic growth process. 
The effectiveness of policies depends on integration into broader growth policies. But 
the economic basis necessary for sound policy analysis is deficient; the analytical skills 
for developing policies are generally inadequate; and the available analytical procedures 
and mechanisms are not integrated into broader framework of growth policies and 
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issues. More comprehensive policy analysis involves the assessment of technology, 
business strategy, and economic trends. These assessments should be combined into the 
desired policy analysis, using an accurate and comprehensive analytical framework. 

Industrial technologies are mixed economic assets in that they have both private and 
public elements. This implies systematic under-investment by individual firms. Hence, 
the R&D processes that produce public elements should be financed to varying degrees 
by sources beyond a single firm – i.e. groups of firms or combinations of industry and 
government. Market failures seem to occur at two levels: the overall level of R&D 
investment and within specific categories of R&D. The particular type of market failure 
determines the required policy response. Policy response to market failures arising from 
general risk, such as tax incentives, is generally inefficient, because substantial amount 
will be subsidized R&D projects that would have been undertaken anyway. Market 
failures that appear either at specific phases of the R&D process or are associated with 
specific types of R&D that focus on public elements vary significantly in severity across 
technologies and the associated industry structures and therefore require targeted policy 
responses. Such market failures require more focused policy instruments, typically 
involving direct funding of the specific phase of R&D or technology element research. 

As a relatively complex microeconomic approach to S&T policy, this position is slowly 
but relentlessly gaining ground in most industrialized countries. Economic issues that 
concern design, implementation and evaluation of specific R&D policies must be 
addressed: better analytical tools are needed that facilitate policy analysis, development, 
and impact assessment. These requirements have been largely ignored. Sound and 
effective policies will not be developed or effectively managed without adequate policy 
process capabilities. Policy analysis can be grouped into three major categories: 1) 
rationales for R&D policy, 2) strategic planning, and 3) economic impact assessment. In 
the first category, systematic market failures are identified and characterized, which lead 
to rationales for R&D support programs. Once the government role in R&D is approved, 
it should be implemented through strategic planning. In recent years, industry has 
greatly increased the resources devoted to strategic planning, but government R&D 
agencies have not upgraded their planning activities to the same level. When R&D 
support programs are approved and funds budgeted, economic impact assessment 
studies should be regularly conducted to determine the effectiveness of various projects 
within the programs. The results of impact assessment should be then fed back to the 
managers of these programs and to the policy process, so that appropriate adjustments 
can be made. 

Many evaluation exercises reflect a growing concern with the link between evaluation 
and strategy. Increasing attention is paid to the way in which evaluation can inform 
strategy – and often in combination with benchmarking studies, technology foresight, 
technology assessments and other analytical tools. The combined use of such tools has 
been hallmarked strategic intelligence.  

Over the last two decades, considerable efforts have been made to improve the design 
and conduct of effective research, technology and innovation policies. In particular, 
formalized methodologies, based on the arsenal of social and economic sciences have 
been introduced and developed which attempt to analyze past behavior (evaluation), 
review technological options for the future (foresight), and assess the implications of 
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adopting particular options (technology assessment). As a complement of evaluation, 
technology foresight, and technology assessment, other intelligence tools such as 
comparative studies of the national, regional, or sectoral technological competitiveness, 
and benchmarking methodologies were developed and use. Policymakers exploited their 
results in the formulation of new policies. However, it has become obvious that there is 
a need to use such tools in more flexibly and intelligently combined ways, thereby 
exploiting potential synergies of the variety of strategic intelligence pursued at different 
places and levels across countries. 

The changes of functional conditions for research and innovation have led to a growing 
interest in evaluation since the 1990s. As the complexity of research and innovation 
policy programs and the tasks of related institutions have grown, performance 
measurements soon reach their limits. Evaluation experts and policymakers tries to 
relax the boundaries between evaluation and decision-making process. The key concept 
of the new understanding of evaluation is ‘negotiation’ among the participating actors. 
The result of evaluation is no longer a set of conclusions, recommendations, or value 
judgments, but rather an agenda for negotiation of those claims, concerns, and issues 
that have not been resolved in the hermeneutic dialectic exchanges. It is an agenda for 
decisions that are made rather as a continuous process, in which competing actors 
achieve consensus interactively. Foresight (scenario) has supplanted forecasting 
(prediction). Technology assessment became a policy instrument capable not only of 
identifying possible positive and negative effects, but also of helping actors in 
innovation processes to develop insights into the conditions necessary for successful 
production of socially desirable goods and services.  

The concept of distributed intelligence starts from the observation that policymakers 
and other actors involved in innovation processes only use or have access to a small 
share of the strategic intelligence of potential relevance to their needs, or the tools and 
resources necessary to provide relevant strategic information. Such assets exist within a 
wide variety of institutional settings and at many organizational levels. Consequently, 
they are difficult to find, access and use. Hence rectifying this situation will require 
major efforts to develop interfaces enhancing the transparency and the accessibility of 
already existing information, and to convince potential users of the need to adopt a 
broader perspective in their search for relevant intelligence expertise and outputs. An 
architecture and infrastructures of distributed intelligence must allow access, and create 
inter-operability across locations and types of intelligence, including a distribution of 
responsibilities with horizontal as well as vertical connections, in a non-hierarchical 
manner. 

 

 

 

 

 

 

 



2. Income Growth, Productivity Gap, and Convergence 

2.1 Long-Run Economic Growth since 1820 
Until the 15th century, European progress in many fields was dependent on transfers 
from Asia or the Arab world. In the 16th and 17th centuries, there was a revolutionary 
change in the quality of science with close interaction of scientists in other countries.TPTP

1
PTPT 

This type of cooperation was institutionalized by the creation of scientific academies, 
which encouraged discussion and research, and published their proceedings. Much of 
this work had practical relevance, and many of the leading figures were concerned with 
matters of public policy. Since the later 18th century, a marked acceleration of in the 
application of science and technology to agriculture, industry, transportation, and other 
fields of economic endeavor began. In Western Europe the diffusion of technology was 
fairly rapid, and the technological distance between nations was not particularly wide. 
Links were fostered by the growth of humanist scholarship, the creation of universities 
and the invention of printing. Diffusion of these advances outside Europe was limited. 
The only effective overseas transmission of European technology and science by the 
end of the 18th century was to the British colonies in North America.TPTP

2
PTPT There had also 

been important institutional advances. Banking, foreign exchange markets, financial and 
fiscal management, accountancy, insurance, and corporate governance were much more 
sophisticated than those in Asia, which were essential components of European success 
in opening up the world economy. 

This trend is accompanied by long-run growth in real income – per capita GDP. The 
turning point in these relationships is commonly associated with the first industrial 
revolution. Acceleration in industrial output is observed during the Industrial Revolution 
(1760-1830), but growth of real income was fairly slow.TPTP

3
PTPT Industrialization was confined 

to a limited number of sectors that were very small in relation to GDP. The disparity 
between per capita income and industrial production can be largely explained by the 
concurrent rise in population. Since 1820 real income of Western Europe and the US 
grew rapidly. 

The period of modern capitalist development (1820-2000) is characterized by rapid 
growth of output and international trade, unparalleled accumulation of physical and 
human capital, and technical progress. Per capita income growth differed widely among 
countries and regions, so inter-country and inter-regional spreads became very much 
wider. The momentum of growth varied significantly. The best performance was in the 
post-war golden age 1950-1973, when per capita income improved dramatically in all 
                                                           
TPTP

1
PTPT There was close interaction of savants and scientists such as Copernicus, Erasmus, Bacon, Galileo, 

Hobbes, Descartes, Petty, Leibnitz, Huyghens, Halley and Newton. Many of them were in close contact 
with colleagues in other countries, or spent years abroad. 
TPTP

2
PTPT In 1776, North America had 9 universities and an intellectual elite fully familiar with the activities of 

their European contemporaries. 
TPTP

3
PTPT In Britain, per capita income grew annually at 0.3% during 1700-1760, 0.2% during 1760-1800, 0.5% 

during 1800-1830, and about 2% during 1830-1870. The annual growth rates of industrial production in 
the four periods were, 0.7%, 1.7%, 2.8%, and 3%, respectively. Crafts, N.F.R., and C.K. Harley (1994), 
‘Output Growth and the Industrial Revolution: A Restatement of the Crafts-Harley View’, Economic 
History Review 45, 703-30. 
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regions, the second best was 1870-1913, and the third best 1973-92. Since the early 
1970s, however, growth has been slower, triggering widespread concern over the 
possibility of continued slow growth or even retardation in coming decades.TPTP

4
PTPT 

Table 2.1 Growth Rates of GDP Per Capita (%) 
 1820-1870 1870-1913 1913-1950 1950-1973 1973-1998

United States 1.34 1.82  1.61 2.45 1.99 
12 West European countries 1.00 1.33  0.83 3.93 1.75 

Japan 0.19 1.48  0.89 8.05 2.34 
Korea   - 0.40 5.84 5.99 

8 Latin American countries 0.10 1.79  1.42 2.60 1.05 
Source: Angus Maddison (2001). 

Table 2.2 GDP Per Capita, Benchmark Years (US=100) 
 1820 1870 1913 1950 1973 1998 

United States 100.0 100.0 100.0 100.0 100.0 100.0 
12 West European countries 101.0  85.3  69.6  52.4  72.9  68.6 

Japan  53.2  30.1  26.2  20.1  68.5  74.7 
Korea    16.8   8.1  17.0  44.5 

8 Latin American countries  56.7  30.2  30.2  28.2  29.2  23.1 
Source: Angus Maddison (2001). 

US per capita GDP grew at an annual average rate of 1.3% between 1820 and 1870. 
Since then there was surprisingly little variation around the 1870-2000 average growth 
rate of 1.8% a year. The major acceleration above the long-run trend comes in the post-
war golden age 1950-73. Starting from the same level of productivity and per capita 
income as the US in the mid-19th century, Western Europe fell behind steadily to a level 
of barely half in 1950, and then began a rapid catch-up. 

In the period 1820-70, the technical leader was Britain. The acceleration of technical 
progress was accompanied by rapid growth of physical capital stock and improvement 
in the education and skills of the labor force. Changes in commercial policy also made a 
substantial contribution. Its growth performance was favored by increased efficiency of 
resource allocation. It absorbed about a quarter of world imports, which were mainly 
food and raw materials, and its exports were mainly manufactured goods. It was the 
largest provider of trade-related services such as shipping, short-term trade finance and 
insurance. GNP rose faster than GDP due to increased earnings from foreign investment. 

Mercantilist barriers were largely eliminated. The UK removed all tariff barriers and 
trade restrictions between 1846 and 1860. Free trade policy was enforced in British 
colonies. In Germany, the customs union (Zollverein) of the 1834 ended barriers 
between the German states and the external Zollverein tariff was lowered after 1850. In 
1860 French removed quantitative restrictions and reduced tariff barriers to a modest 
                                                           
TPTP

4
PTPT Angus Maddison develops, maintains, and updates cross-country data on population, labor input, and 

real GDP adjusted to modern purchasing power parity (PPP) concepts. Western Europe consists of four 
large countries (the UK, France, Germany and Italy) and eight small countries (Austria, Belgium, 
Denmark, Finland, the Netherlands, Norway, Sweden and Switzerland). Maddison, A. (2001), The World 
Economy: A Millennial Perspective, Development Center of the OECD. 
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level. As a result of these changes, foreign trade rose four times as fast as output in this 
period. This led to economies of specialization of the type that Adam Smith and Ricardo 
had emphasized as sources of economic progress. There was technical progress, but this 
was slower then in the latter phase. 

The British policy of free trade and its willingness to import a large part of its food has 
positive effects on the world economy. They reinforced and diffused the impact of 
technical progress. The favorable impact was biggest in North America, the Southern 
cone of Latin America and Australia, which had rich natural resources and received 
substantial inflow of capital. Innovations in communications played a major part in 
linking national capital markets and facilitating international capital movements. The 
UK already had an important role in international finance, thanks to the soundness of its 
public credit and monetary system, the size of its capital market and public debt, and the 
maintenance of gold standard. It was a wealthy country operating close to the frontier of 
technology. 

The period 1870-1913 was a relatively peaceful and prosperous era, which was brought 
to an end by the outbreak of the First World War. There were important political 
changes around 1870 – the abandonment of the slavery in the US and the emergence of 
Italy and Germany as modern nation states. Growth was accelerated in Western Europe 
and its offshoots. There was large-scale international migration with an outflow of 17.5 
million people from Europe to Western offshoots. They had the most rapid demographic 
expansion as well as the most rapid per capita growth. It was an era of improved 
communications and substantial factor mobility. From the 1870s onward, there was a 
massive outflow of British capital for overseas investment. The UK directed half of its 
savings abroad. French, German and Dutch investment was also substantial.TPTP

5
PTPT A good 

deal of foreign investment went into railway construction. 

International trade continued to grow faster than output, but its role as an engine of 
growth was less than spectacular than in 1820-1870. There was some increase in tariff 
levels. Germany adopted a more protectionist tariff in 1879, which provoked French 
retaliation in 1881. France also applied a system of imperial preference within its 
colonial empire. Most protected were the Latin American countries, Russia and the US. 
Colonialism was at its apogee in 1913, by the time the European countries had parceled 
out Africa. The US, Japan and Russia had joined them in colonizing and staking out 
spheres of influence in Asia. 

With limited exceptions in Germany and Japan, this is not a period when government 
felt the need of activist policies to promote growth. They assumed that the free 
operation of market forces in conditions of monetary and financial stability would 
automatically lead to something like an optimal allocation of resources. Low taxes and 
free labor market were felt to be the best stimulus to investment. Taxes and government 
expenditures were generally in balance. Government spending was mainly confined to 
provision for domestic order and national defense. Social spending was small, generally 
covering only elementary education and preventive health measures, though Bismark 
began to provide pensions and welfare payments in Germany in the 1880s, and Lloyd 

                                                           
TPTP

5
PTPT British foreign assets were equivalent to one and a half times its GDP, French assets about 15% more 

than GDP, German assets about 40%, and US assets 10%. 
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George introduced similar measures in the UK in 1909. 

The 1913-1950 period was an era deeply disturbed by war, depression and beggar-your-
neighbor policies. The old liberal order was shattered by two world wars and the 
collapse of capital flows, migration and trade in the beggar-your-neighbor years of the 
1930s. It was a bleak age whose potential for accelerated growth was frustrated by a 
series of disasters. Between 1913 and 1950, the annual growth rate of GDP per capita in 
Western Europe reduced to 0.83% from 1.33% in the previous period 1820-70. The 
conception of capitalism were changing, particularly in Western Europe where the role 
of government spending increased very substantially, as did government intervention in 
the form of subsidies, controls and trade restrictions. 

The First World War caused a drop in GDP in most Western Europe; GDP level in 1913 
was not regained until 1924. There were 5.4 million deaths amongst the armed forces 
(including 2 million in Germany, 1.3 million in France, and 3/4 million in the UK). 
Many of the survivors were left with mutilating injuries or the lasting effects of poison 
gases. Despite the wartime interruptions of trade and capital flows, the redrawing of 
boundaries, the legacy of hostility and quarrels over reparations, there was some success 
in reconstructing the pre-war order with a return to the gold standard. There was a 
resurgence of international trade and some recoupment of growth opportunities, which 
seemed to herald a return to normalcy. 

The illusion of normalcy was shattered by the huge depression of 1929-1933 whose 
epicenters were in Germany and the US. The fall in output was deepest there because of 
massive collapse of their financial systems. The impact of the depression on GDP was 
bigger than that of the First World War. The international capital market collapsed and 
the liberal trading order was destroyed. TPTP

6
PTPT The volume of the world trade fell by more 

than a quarter, and the 1929 peak was not reached until 1950. Widespread debt default 
and the breakdown of reparations arrangements led to a massive flight of capital from 
Europe to the US. In the 1930s, the recovery from the depression was much more 
successful in Europe than in North America. There were major departures from the old 
canons of sound finance and monetary order. The state played more interventionist role 
in stimulating recovery. In the US, the government created a significant amount of 
employment through public works policies, together with reflating prices to reduce the 
burden of debt. Prices were boosted by farm support legislation, trade union power was 
bolstered in an effort to raise wages, the dollar was revalued against gold and silver for 
the same reasons and early New Deal legislation tried to strengthen cartels. But these 
policies were not successful in pushing the US economy back on a path that exploited 
its production potential. It took the Second World War to achieve this. 

Between 1938 and 1944, the large slack in the economy of was mobilized for war 
production. A useful starting point for measuring post-war achievements is 1950. By 
then, recovery from war was certainly complete. It seems more legitimate to treat the 
years 1945 to 1949 as the aftermath of the war rather than the beginning of the post-war 
golden age. These years were very disturbed in Europe, with frontiers redrawn, millions 
                                                           
TPTP

6
PTPT US gave an unfortunate lead with the Smoot-Hawley tariff legislation of 1929-30. This set off a 

retaliatory wave elsewhere. The UK introduced imperial preference in 1932, which abrogated the 
multilateral principles. France and the Netherlands followed similar tactics in their empire. Even worse 
were the quantitative restrictions in the trade and foreign exchange. 
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of displaced persons and refugees in camps, desperate balance-of-payments problems, 
reallocation of labor from war to peacetime occupations, and a capital stock that had 
suffered badly from wartime damages and neglect. In the US, the problems of transition 
from war to peace were of a completely different order, but GDP dropped by a quarter 
from 1944 to 1947 as the war economy and the troops were demobilized and resources 
were shifted to more peaceful activities. 

The fact that the major disasters of the 20th century were concentrated in the period 
1913-50 tends to obscure a significant improvement in the pace of technical progress – 
the impressive technical dynamism of the US economy. Labor productivity grew by 
2.5% a year, accelerating substantially over the 1.9% of 1870-1913. This acceleration 
occurred with much more modest growth in the physical capital stock than in the 19th 
century. Total factor productivity grew at 1.6% a year, almost 5 times as fast as in 1870-
1913. The diffusion of US technical advance, however, was very limited due to the 
limited US role in trade and investment and the disastrous collapse of its economy. 

The remarkable US productivity performance in 1913-50 can be explained by three 
main reasons. A much larger proportion of new investment went into machinery and 
equipment that embodied technical change.TPTP

7
PTPT The R&D effort was greatly intensified. 

The driving forces of innovation changed from the 19th century, with less emphasis on 
individual action and more on corporate and government efforts.TPTP

8
PTPT In 1946, there were 4 

scientific workers in US manufacturing per 1,000 wage earners, 5 times the ratio in the 
UK. There were substantial economies of scale of a new kind. The most striking feature 
was the increased role of big enterprises, which played an active role in standardizing 
and enlarging markets. Giant firms played a strategic role by controlling large number 
of plants at different stages of production and distribution. They required a new form of 
business management, whose professional education was pioneered in the US. Multi-
unit enterprises handled the allocation of large amounts of capital, spread risks and 
increased productivity over a long range of new industries, such as breakfast cereals, 
canned soup, cigarettes, sewing machines, photographic equipment, washing machines, 
refrigerators, vacuum cleaners, and automobiles. 

The world economy grew much faster from 1950 to 1973 than it had ever done before. 
It was a golden age of unparalleled prosperity. The acceleration was greatest in Europe 
and Asia. By 1950 colonialism was in an advanced state of disintegration. There was 
also a degree of convergence between regions, though a good part of this was a 
narrowing of the gap between the US and the other advanced capitalist countries (Japan 
and Western Europe). There were several reasons for unusually favorable performance 
in the golden age. In the first place, the advanced capitalist countries created a new kind 
of liberal inter-national order with explicit codes of behavior and institutions for 
cooperation (OEEC, OECD, IMF, World Bank and the GATT). The second new element 
of strength was the character of domestic policies that were self-consciously devoted to 

                                                           
TPTP

7
PTPT The US had made a massive investment in infrastructure that was needed to exploit its prodigal natural 

resource endowment and provide its booming population with urban facilities. Between 1913-50, a much 
smaller proportionate expansion of US capital was necessary to sustain a growth less dependent on 
exploiting the US natural resource advantage. The capital-output ratio for structures fell quite dramatically. 
TPTP

8
PTPT Around 1913 there were about 370 research units in US manufacturing employing around 3,500 people. 

By 1946, there were 2,303 research units employing nearly 118,000 people. 
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promotion of high levels of demand and employment. Growth was not only faster than 
ever before, but the business cycle virtually disappeared. The third element in this 
virtuous circle was the potential for growth on the supply side. Throughout Europe and 
Asia there was still substantial scope for normal elements of recovery from the years of 
depression and war. Additionally and more importantly, was the continued acceleration 
of technical progress in the lead country. The US played an active role in the diffusion 
of US technologies in the golden age. For this reason, the supply response to improved 
international and domestic policy was much more positive than could have been 
anticipated. 

The greatest acceleration in international trade went with the creation of the new liberal 
order. The biggest benefits accrued to Western Europe and Southern Europe and Asia. 
Latin America was rather strongly resistant to trade liberalization, so it benefited only 
mildly from the new order. There was also a restoration of international capital flows, 
but until the 1960s, the major item sustaining development was official aid. 

During the golden age, there was a marked upsurge in rates of domestic investment in 
Europe and in Asia. This was a response to opportunities offered by technical progress. 
As the Asian and European countries were starting from a lower level, and recovering 
from productivity levels depressed by long years of adversity, they could push their 
rates investment well above those in the US, without running into diminishing returns. 
As a result, Europe and Japan were able to bring their capital stock much closer to US 
levels. In many respects, these follower countries were replicating the consumption 
patterns, technology, and organizational methods that had been developed in the US 
when it built up standardized markets for new consumer goods such as cars and 
household durables. Another important condition for successful catch-up was the fact 
that most of Western Europe and Japan already had relatively high levels of skill and 
education. Their endowment in human capital was just as close to US levels in 1950 as 
it is today, even though their physical capital stocks were much lower. These reserves of 
skill were very important in permitting the vast accumulation of capital to take place 
efficiently. 

There have been four main causal influences that explain why such large increases in 
per capita output have been feasible. These are: 1) accumulation of physical capital in 
which technical progress usually needs to be embodies; 2) improvement in human skills, 
education, and organizing ability; 3) technological progress; and 4) closer integration of 
national economies through trade, investment, and intellectual and entrepreneurial 
interactions. In the literature of economic growth, there are also other elements 
considered to have had an important causal role. These are economies of scale, 
structural change, and the relative scarcity or abundance of natural resources. All of 
these causal influences have been interactive so as to it is not easy to separate the 
specific role of each. 

From about 1765 to about 1865, the principal industrialization occurred in England, 
France and Germany. From 1865 to about 1965 (the second hundred years), other 
European nations began industrializing; but the principal industrialization shifted to 
North America. By the middle of the 20th century, US industrial capacity alone was so 
large and innovative as to be a determining factor in the conclusion of the Second World 
War. For the second half of the 20th century, US industrial prowess continued, and 
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European nations rebuilt their industrial capabilities. But significant events occurred in 
Asia. From 1950 to the end of the 20th century, several Asian countries began emerging 
as globally competitive industrial nations. Other Asian countries were also moving 
toward globally competitive capability. In three hundred years of world industrialization, 
different regions of the world began to develop globally competitive industries. 

The creation of industrial structures based on new technology has been one of the major 
factors in modern economic development. This can be seen in the long waves of modern 
economic history. Modern economies are dynamic systems with cycles of economic 
expansion and contraction, with both short- and long-term cycles. The major factor in 
the long-term cycle is technological innovation. The far-reaching impact of technology 
on the economic system occurs when new basic technologies create new functionality 
through new industries or pervade existing industries. 

The beginning of industrial revolution in Europe was based on the new technologies of 
steam power, coal-fired steel, and textile machinery. The invention of steam power 
engine required the science base of the physics of gases and liquids. This new scientific 
discipline of physics had provided the knowledge base for Watt’s inventions. Coal-fired 
steel required knowledge of chemical elements from the new science base of chemistry 
that began to be developed in the middle of the 17th century. Thus the new disciplines 
of physics and chemistry were necessary for the technological base of the industries of 
the first wave of economic expansion (1760-1800) from the beginning of the industrial 
revolution in England. 

The technologies of railroads, steamships, telegraph, and coal-produced gas lighting 
contributed to the acceleration of the Industrial Revolution during the second expansion 
(1830-1850). These technologies was based on the new electricity and magnetism that 
were explored and understood in the late 17th and the early 18th century in the new 
discipline of physics. 

In the third long economic expansion (1870-1895), the new physics of electricity and 
magnetism again provided the phenomenal bases for the inventions of the telephone and 
electrical light and power. Contributions to continuing economic growth were made by 
the new technologies of electrical light and power, the telephone, and chemical dyes and 
petroleum. Advances in the new discipline of chemistry provided the knowledge basis 
for the invention of chemical dyes. Artificial dyes were in great economic demand 
because of the expansion of the new textile industry. With these dyes, the gunpowder 
industry began to expand into the modern chemical industry. 

The fourth economic expansion (1896-1930) was fueled by new technologies of 
automobiles, radio, airplanes, and chemical plastics. The invention of automobiles 
depended on the invention of internal combustion engine. This invention required a 
knowledge base from chemistry and physics. Radio was another new invention based on 
the advancing science of electricity and magnetism in physics. Chemical plastics 
evolved from further scientific advances in chemistry. 

 

2.2 Perspectives on Economic Growth and Technological Innovation 
The suspicion that persistent differences in long-term growth may have something to do 
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with technology has been around for a long time. However, this is not consistent with 
the way technology is conceived in the neoclassical theory of growth, as laid by Robert 
Solow in the 1950s. Adam Smith anticipated that the role of creative individuals and 
specialized R&D organizations would play in propelling technical change and economic 
growth. For nearly two centuries, however, technical change was largely absent in the 
mainstream economic theory. Marx in the 19th century and Schumpeter in the 20th 
attempted to assign a more central role to technical innovation, but they were regarded 
as ‘rogue elephant’ whose work, although certainly of interest, should not be taken too 
seriously. 

Serious consideration of economic growth began with the mercantilist economists. They 
argued that a positive trade balance through aggressive export promotion and import 
restrictions would reduce interest rates and spur investment in the home market, leading 
to increases in domestic employment and enhanced prosperity. Adam Smith challenged 
mercantilist logic and argued persuasively for free-trade policy. He saw the prospects 
for universal opulence as essentially unbounded if markets were freed to guide the 
allocation resources and to reward producers who satisfied consumers. If governments 
confined themselves to maintaining order, administering justice, and educating the 
populace and refrained from placing restraints on commerce, economic growth would 
occur naturally as a consequence of three main phenomena – productivity gains from 
the division of labor, the role of technology in raising worker productivity, and capital 
investment.TPTP

9
PTPT 

Throughout the 19th century, however, economists had more pessimistic view of the 
opportunities for steadily rising economic growth, which stemmed from the writings of 
Thomas Malthus and David Ricardo. They believed the population could increase more 
rapidly than the capacity of arable land to provide food. As the population grew, 
marginal products and hence wages fell to the subsistence level and most persons would 
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9
PTPT Smith stressed the importance the increase in productive capabilities that follows when each gainfully 

employed individual specializes in a relatively narrow set of activities, attaining proficiency and 
minimizing the amount of time spent shifting from one task to a quite different one. These productivity 
gains increased, Smith wrote, with the extent of the market served: the larger the market, the more finely 
tasks are subdivided, and hence the greater output per worker would be. Greater output per worker meant 
more affluence and hence more demand, increasing even more the size of the market and hence the 
possibilities for division of labor in a kind of virtuous spiral. In addition, free trade opened up markets of 
international scope, augmenting further opportunities for the specialization of functions. 
Smith foresaw the emergence of present-day R&D laboratories: “All the improvements in machinery, 
however, have by no means been the inventions of those who had occasion to use the machines. Many 
improvements have been made by the ingenuity of the makers of the machines, when to make them 
became the business of a peculiar trade; and some by that of those who are called philosophers or men of 
speculation, whose trade it is not to deny anything, but to observe every thing; and who, upon that 
account, are often capable of combining together the powers of the most distant and dissimilar objects. In 
the progress of society, philosophy or speculation becomes, like every other employment, the principal or 
sole trade and occupation of a particular class of citizens … and the quantity of science is considerably 
increased by it.” 
To put labor-enhancing machines in place, Smith recognized, required a third contribution: investment, or 
the accumulation of capital, which was in turn the proclivity of businessmen in a profit-oriented economy. 
“Every increase or diminution of capital, therefore, naturally tends to increase or diminish the real 
quantity of industry, the number of productive hands, and consequently the exchangeable value of the 
annual produce of the land and labor of the country, the real wealth and revenue of all its inhabitants…. 
Capitals are increased by parsimony, and diminished by prodigality and misconduct.” 



2. Income Growth, Productivity Gap, and Convergence                                      19 

remain mired in abject poverty. They recognized that colonial expansion and increased 
capital intensity could postpone the downward pressure of population on marginal 
products. In the very long run, however, the pressure of growing population on land and 
capital drives the marginal products and real wage back to the subsistence level, where 
the economy settles down into enduring no-growth, poverty-ridden, steady state 
equilibrium. Malthus and Ricardo foresaw increased capital investment, but they failed 
to anticipate technological progress. Productivity growth in agriculture accelerated 
markedly after 1930.TPTP

10
PTPT 

Unlike other economists in the 19th century, Marx perceived that the essential genius of 
capitalism was its ability to combine the accumulation of capital with an incessant 
stream of technological innovation. However, he erred in his expectation that cyclical 
but rising unemployment would prevent workers from sharing the increased productive 
potential flowing from technological innovation and the accumulation of capital. In the 
basic Marxian schema, capitalists invested in a constant quest for profit, but investment 
booms led to wage increases and product market gluts, precipitating crises, in which 
profit plummeted; to restore their profits, the capitalists developed and introduced on a 
massive scale new labor saving technologies, and cultivated new products and territorial 
markets. Marx expected that the labor saving investments would lead to a ‘reserve army 
of the unemployed’ whose competition with workers still holding jobs kept wage down. 
Marx saw the cycles of labor saving investment followed by crisis as growing ever 
more violent, leading ultimately to revolution by the poverty-stricken workers. 

The heir to Marx’s view of capitalist dynamics was Schumpeter.TPTP

11
PTPT However, he had 

optimistic view on the long-run economic growth. Schumpeter (1934) advanced two 
main themes: innovation lay at the heart of economic development; and innovations did 
not just happened but required acts of entrepreneurship.TPTP

12
PTPT Schumpeter (1939) argued 

from an analysis of historical evidence that technological innovations tend to cluster in 
long waves – Kondratiev cycles. Schumpeter (1942) estimated that the real disposable 
income available for consumption in the US grew at a rate roughly 2% in the period 
1870-1930. If this rate of increase continued for another half century, he extrapolated, it 
would do away with anything that could be called poverty even in the lowest strata of 
the population. His view about the principal sources of technological progress changed 
from small and often new firms to large and often monopolistic enterprises, which were 
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10
PTPT Farmers in all advanced nations of the world work with more machinery of greatly enhanced capability, 

plant more productive and disease-resistant seeds, strew on their fields more fertilizer in easier-to-apply 
forms, and (less universally) spray their fields and crops with chemicals to inhibit nutrient-cannibalizing 
weeds and crop-destroying pests. 
TPTP

11
PTPT Schumpeter, J. (1936), The Theory of Economic Development, Redvers Opie: Cambridge; Schumpeter, 

J. (1939), Business Cycles: A Theoretical, Historical and Statistical Analysis of the Capitalist Process, 
McGraw Hill: New York; Schumpeter, J. (1942), Capitalism, Socialism and Democracy, Harper and Row: 
New York. 
TPTP

12
PTPT Innovation includes the introduction of new products and production methods, the opening of new 

markets, the development of new supply sources, and the creation of new industrial organization forms. 
Successful innovations displaced inferior technologies (the process of creative destruction) and through 
imitation and diffusion spread throughout the economic system. Economic leadership in particular must 
be distinguished from invention. As long as they are not carried into practice, inventions are economically 
irrelevant. And to carry out any improvements into effect is a task entirely different from the inventing of 
it, and a task, moreover, requiring entirely different kinds of aptitudes. 
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pressed by the forces of creative destruction and possessed the superior resources 
needed to carry out complex technological advances. His arguments had little influence 
on the mainstream of economic analysis, which was preoccupied with applying new 
mathematical techniques to questions of static resource allocation and to the pressing 
problems of recession and the business cycle. 

Preoccupied by concerns about the instability evidenced during the Great Depression of 
the 1930s, economists paid little attention to the questions of long run economic growth 
during the first several decades of the 20th century. The post-Keynesian growth models 
were developed before and just after the Second World War. TPTP

13
PTPT These models reflect the 

commonly shared belief of the time that market forces were not sufficient to secure 
growth with full employment. Focused on the stability of growth trajectories rather than 
the opportunities of long-term growth, they had assumed that technical change was 
exogenous. They addressed the problem of how the economy could grow continuously 
without plunging into recurrent recessions. If growth were to proceed along an 
equilibrium path, the rate of saving had to be in balance with the growth rate of demand 
for capital. Too much saving led to too rapid capital growth, disappointing firms’ 
expectations and leading to recession. Too little saving led to stifled economic growth. 
Both argued that the economy appeared to be balanced on a knife-edge, and it was far 
from clear that stable growth trajectories could be sustained. 

The neoclassical model proposed by Solow (1956) and others was developed to prove 
just the opposite. When capital investment occurred at a rate too high to maintain 
balance with the growth of steady-state demand, the ratio of capital to labor would rise, 
diminishing returns would reduce the yield on investments, and firms would respond by 
curbing their investment to the required steady-state rate. If too little investment 
occurred, the rate of return on investment would rise, inducing a correction. In this way, 
long-run steady-state growth could be sustained. More influential was Solow (1957), 
which found that, over the period 1909-49, only 12.5% (later corrected to 19%) of the 
long-run change in labor productivity could be attributed to increased capital intensity.TPTP

14
PTPT 

At the time, most economists believed that increased output per labor input occurs 
mainly through the accumulation of capital. The residual component unexplained by 
increased capital intensity could encompass a multitude of causes. However, it was not 
recognized that improvements in technology must played a major role. 

In the 1980s, it became obvious that the neoclassical growth theory had little to offer in 
terms of policy advice, a problem that became more acute as the economic problems of 
slow growth and high unemployment became more pressing in many countries. New 
growth models are developed, in which technical advance depends either on the amount 
of resources devoted to innovative activities or on investments in physical and human 
capital. Romer (1986) and Lucas (1988) developed new models of economic growth 
based on the assumption that investments in physical and/or human capital lead to 
technological progress in the form of ‘learning by doing’ and that the beneficial external 
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13
PTPT Harrod, R. (1939), An Essay in dynamic Theory, Economic Journal 49; Domar, E. (1946), Capital 

Expansion, Rate of Growth, and Employment, Econometrica 14; Solow, R.M. (1956), A Contribution to 
the Theory of Economic Growth, Quarterly Journal of Economics 70. 
TPTP

14
PTPT Solow, R.M. (1957), Technical Change and the Aggregate Production function, Review of Economics 

and Statistics 39, 312-320. 
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effects of capital accumulation outweigh the detrimental consequences (diminishing 
marginal returns) of increasing capital per worker.TPTP

15
PTPT In Romer (1990) and Grossman and 

Helpman (1991), the rate of growth depends on the amount of resources devoted to 
innovation activity, the degree to which new technology can be privately appropriated, 
and the time horizon (degree of patience) of investors. High growth implies high growth 
in physical capital, but this is a result, not a cause, of technological progress. TPTP

16
PTPT 

Due to its high level of abstraction, the new growth theory has different shortcomings 
for managers and policymakers who must confront concrete problems. The new growth 
theory assumes aggregated relationship between technical inputs, knowledge outputs 
and product outputs that suppress the rich complexity of real-world product develop-
ment and marketing decisions. The new growth theory provide inadequate foundations 
for answers to questions such as: 

– How difficult it is to identify new scientific and technological possibilities with 
attractive profit prospects? 

– What institutions facilitate the discovery of new technological opportunities: what 
institutions retard it? 

– How great are the risks? How the risks are perceived by individuals who must 
decide whether to invest time and money in new products and processes? 

– What strategies can be pursued to hedge against risks and capture enough rewards 
from innovative investments? 

– What contributions can government make to ensure that technological progress 
continues to sustain economic growth? 

At a more aggregate level of analysis, there remain important questions as to how the 
new theories can be extrapolated to anticipate the likely future progress of industrialized 
and developing nations. 

– To what extent can the expansion of R&D efforts continue in industrialized nations 
that are already pushing the frontiers of technological knowledge? 

– What constraints limit the expansion of basic scientific research and technological 
development? 

– To what extent are they held back by the availability of creative talent, that is, by 
the rate at which bright young scientists and engineers enter the workaday world? 

– To what extent do scarcities of human capital limit the convergence of less-
developed nations toward the best-practice technological frontier? 

– On what conditions do human capital supplies depend? What opportunities for 
future expansion exist? 

2.3 Technology Gap and Productivity Convergence 
Recently, there has been a new wave of interest in economic growth, catch-up and 
convergence. Mainstream economists have discussed this issue extensively, but they 
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PTPT Romer, P. (1986), Increasing Returns and Long-run growth, Journal of Political Economy 94, 1001-37; 

Lucas, R.E., Jr. (1988), On the Mechanics of Economic Development, Journal of Monetary Economics 22, 
3-42; Romer, P. (1990), Endogenous Technological Change, Journal of Political Economy 98, 71-102. 
TPTP

16
PTPT Grossman, G.M. and E. Helpman (1991), Innovation and growth in the global economy, MIT Press: 

Cambridge. 
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failed to explain the observed differences in growth across countries. On the assumption 
that technology is a public good, the neoclassical model of growth predicts that, in the 
long-run, GDP per capita in all countries will grow at the same exogenously determined 
rate of technical progress. In this framework, ‘transitional dynamics’ explain differences 
in growth across countries: because of different initial conditions, countries may grow at 
different rates in the process towards long-run equilibrium. Countries with low capital-
labor ratio should be expected to have a higher rate of profit on capital, a higher rate of 
capital accumulation, and higher per capita growth. Hence the gaps in income levels 
between rich and poor countries should be expected to narrow and ultimately disappear. 

From the late 1950s, empirical research on factors affecting long-run growth increased 
steadily. Growth accounting attempted to decompose growth of GDP into its constituent 
parts. The Solow model gave a theoretical framework for these exercises. However, 
growth accounting has the critical problem of interdependence between factors; the 
decomposition of growth rests on the shaky ground. The neoclassical growth theory 
overlooks the interdependence of capital accumulation and technological progress. New 
technology is usually embodied in new capital goods. In conventional growth accounts, 
as well as in regression studies, the impact on growth from this type of interaction tends 
to be credited to capital.TPTP

17
PTPT It is misleading to assume that various factor resulting in the 

growth of total factor productivity are independent, and to estimate the contribution of 
technological change by examining the residual after having estimate the contribution of 
other factors – education, structural change, economies of scale, etc. The contributions 
of various factors to productivity growth may be empirically indistinguishable. 

In order to explain the persistent differences in growth rate across countries, researchers 
began to consider the existence of technology gap across countries. Nelson and Winter 
(1982) distinguish between two levels of analysis in economics theorizing; formal and 
appreciative. TPTP

18
PTPT While the neoclassical theory of growth theory may serve as an example 

of a formal theory, the literature on technology-gaps fits very well the description of an 
appreciative theory.TPTP

19
PTPT The technology-gap theorists see technological differences as the 
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17
PTPT Technological progress in the US in the previous century had a capital-using bias, and this explains the 

high rate of growth of capital during this period. Conventional growth accounts for this period tend to 
attribute most of the growth to capital growth and little to neutral technological progress (the residual). 
Abramovitz, M. and P. David (1873), ‘Reinterpreting Economic Growth: Parables and Realities’, 
American Economic Review 63, 428-439. 
TPTP

18
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mechanisms of economics are so complex, theorizing in economics tend to proceed at least on two levels 
of formality, not one. We called these levels appreciative theory and formal theory. Appreciative 
theorizing tends to be close to empirical work and provides both guidance and interpretation. Mostly it is 
expressed verbally and is the analyst’s articulation of what he or she thinks really is going on. 
Appreciative theory generally will refer to observed empirical relationships, but go beyond them, and lay 
a causal interpretation on them. While appreciative theorizing tends to stay relatively close to the 
empirical substance, formal theorizing almost always proceeds at some intellectual distance from what is 
known empirically, and where it does directly appeal to data for support, it generally appeals to ‘stylized 
facts’. If the hallmark of appreciative theory is story-telling that is close to the empirical nitty-gritty, the 
hallmark of formal theorizing is an abstract structure set up to enable one to explore, find and check, 
logical connections. Neslon, R. (1992), ‘What has been the matter with Neoclassical Growth theory?’ 
Paper presented at the Conference “Convergence and Divergence in Economic Growth and Technical 
Change. Maastricht Revisited,” Maastricht, Dec, 10-12, 1992. 
TPTP

19
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prime cause for differences in GDP per capita across countries. They accept the public-
good characteristics of technology, but they do not see these as essential. Rather they 
emphasize that technology is embedded in organizational structures (firms, networks, 
institutions, etc.), and is difficult and costly to transfer from one setting to another. 
Firms, characterized by different combinations of intrinsic capabilities, are seen as key 
players.TPTP

20
PTPT Technological change is analyzed as the joint outcome of innovation and 

learning activities in organizations, especially firms, and interaction between these and 
their environments. The cumulative – or path dependent – character of this process is 
often emphasized. Country-specific factors are assumed to influence the process of 
technological change, and thus give the technologies of different countries a distinct 
national flavor. Thus, as an analytical device, researchers in this area view countries as 
separate systems, each with its own specific dynamics. Lundvall (1992) and Nelson 
(1993) use the concept ‘national innovation system’ for this purpose.TPTP

21
PTPT 

The early literature in this area was especially concerned with the distinction between 
countries on and behind the technological frontier. For the technologically backward 
country, Gerschenkron (1962) pointed out, the gap in technology vis-à-vis the more 
advanced countries represent a great promise, which, however, is difficult to fulfill. 
Catch-up is by no means automatic, but requires a significant amount of effort and 
institution building.TPTP

22
PTPT Abramovitz (1986) suggested technical competence and political, 

commercial, industrial, and financial institutions as important elements of social 
capability.TPTP

23
PTPT 

Most empirical technology-gap studies have been rather descriptive in character. The 
focus has been on the growth of OECD countries. Figure 1.3 shows the gap in labor 
productivity (GDP per hour worked) between the US and 12 West European countries 
and Japan. From 1870 until the end of World War I, the US increased its lead, and it 
remained virtually unchanged during the inter-war period. The US lead increased 
further during the wartime decade of the 1940s. But since around 1950 the gap has been 
shrinking. The reduction of the gap was particularly evident during the high-growth 
period of the 1960s and early 1970s. Thus, catching-up is essentially a post World War 
II phenomenon. 

 

                                                                                                                                                                          
Growth Rates, Journal of Economic Literature Vol. XXXII, 1147-1175. 
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interactive learning, Pinter Publishers: London; Nelson, R.R., ed. (1993), National innovation systems: A 
comparative analysis, Oxford University Press: Oxford. 
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parts of society that resist change. In some cases these may be strong enough to prevent a country from 
embarking on the route of closing the gap. Second, late starters face larger requirements for capital and 
other advanced factors than those that prevailed at an early stage. He also emphasized the importance of 
ideologies in this context. Gerschenkron, A. (1962), Economic backwardness in historical perspective, 
Belknap Press: Cambridge. 
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History 46, 386-406. The term social capability is coined by Ohkawa and Rosovsky (1973) to designate 
those factors constituting a country’s ability to import or engage in technological and organizational 
progress. 
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Table 2.3 Levels of GDP Per Hour worked, Benchmark Years (US=100) 
 1820 1870 1913 1950 1973 1998 

United States 100 100 100 100 100 100 
12 West European countries  71  61  44  68  80  83 

Japan  20  21  16  49  63  65 
Source: Angus Maddison (2001). 

The US technological lead has been based on two pillars. Initially, the lead was based 
on an US advantage in resource-, capital- and scale-intensive technologies. The rich 
resource base, the relatively high wage level and the largest homogenous market 
implied – together with a political regime that favored free enterprise – a new 
combination of incentives and opportunities for US capitalists. A series of related 
technological, organizational, and managerial innovations was initiated, which raised 
productivity, wages, and the demand for mass consumption products, further 
strengthening the US lead in ‘American way of life’ products. Why did it take so long 
for other countries to exploit the technologies made in the US? The delay is attributed to 
the fact that technologies are embedded in organizations and not easily transferable to 
other settings. Different strategies of firms caused by broader inter-country differences 
in history, culture and institutions may also have played a role.TPTP

24
PTPT Much of the blame is 

put on lack of technological congruence.TPTP

25
PTPT Abramovitz (1993) pointed out that because 

technologies are shaped by the environment in which they develop, countries that differ 
much from the leader country in factor supply and market size, may find it difficult to 
apply leader country technology. He proposed the term ‘technological congruence’ for 
this aspect of the catch-up process. The European countries had less natural resources, 
their markets were smaller, and demand was less homogeneous. Given such constraints, 
US technology would not necessarily be superior to those already in use there. These 
constraints might be enforced by the problems of the inter-war period, characterized by 
increasing protectionism, declining trade, and slow and uneven growth. The second 
pillar of the US lead refers to high-tech industry, and is of much more recent origin. The 
origins are large educational investments during a prolonged period, especially in higher 
education, the rise of the modern corporation with separate R&D departments, and large 
public investments in high-tech industries during and after the Second World War. 

The postwar period, then, became a ‘convergence boom’ based on the erosion of the US 
lead along both dimensions. 1) The conditions of the follower countries became more 
congruent to those that prevailed in the US. Both domestic and international markets 
grew rapidly, the pattern of consumption changed, and the shares of national resources 
to investments in physical and human capital increased. Many of the constraints that 
blocked catch-up during the inter-war period were gradually removed. International and 
regional economic arrangements (the Bretton Woods institutions, European economic 
integration, etc.) are regarded as having facilitated this process. Together with the 
increasing closeness between science and technology, the growing importance of large 
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Evidence, Oxford University Press: Oxford. 



2. Income Growth, Productivity Gap, and Convergence                                      25 

internationalized corporations is also assumed to have sped up international technology 
flows. Second, social capabilities were improved through investments in education, 
especially at the university level; the substitution of the adverse relations between the 
state, firms, and interest groups/social classes with more cooperative arrangements; and 
the creation of specific governmental institutions designed to support technological and 
structural change. 

Much of the catch-up literature is descriptive, with a strong emphasis on historical 
analysis. However, some authors supplement their arguments by statistical tests. Until 
recently, these tests tended to include one independent variable only: GDP per capita. 
Several studies of this type have shown that a large part of the actual difference in 
growth rates between the OECD countries in the postwar period can be statistically 
explained by differences in the scope for catch-up, i.e., that convergence in productivity 
levels took place.TPTP

26
PTPT These results have been criticized as an example of a ‘ex post 

selection bias’: long-run convergence of productivity levels does not hold for the richest 
countries of the previous century. Although the group of converging countries probably 
extends beyond the OECD area, there is little support for convergence when all 
developing countries are included. Thus, this debate has a very clear conclusion: a 
simple catch-up model is not sufficient to explain differences in growth. This would 
certainly not surprise the group of economic historians who initiated much of this work, 
their emphasis on other economic, social, and institutional factors taken into account. 
Indeed, what this whole literature suggests is that catching up is very difficult and only 
countries with appropriate economic and institutional characteristics will succeed. 

Countries characterized by a large technological gap and a low social capability run the 
risk of being caught in a low-growth trap.TPTP

27
PTPT The importance of indigenous technological 

capabilities increases as a country moves closer towards the technological frontier. A 
certain level of R&D is a necessary condition for successful imitation. The tendency 
towards convergence across countries in productivity levels was paralleled by a similar 
tendency for levels of R&D and patenting activity. 

2.4 Long Waves of Socioeconomic Development 

Interaction of Techno-economic and Socio-institutional Systems 

Four categories of technological innovation are distinguished in the literature of long 
waves of socioeconomic development – incremental innovations, radical innovations, 
changes in technology systems, and changes in technoeconomic paradigms. The social 
and economic consequences of each category of innovation are quite different.TPTP

28
PTPT 

Incremental innovations occur more or less continuously in any industry depending on 
the demand conditions. Such innovations may result from organized R&D efforts but 
more often they are the outcome of inventions and improvements suggested by the 
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production personnel, or stem from the proposals of users. Incremental innovations are 
particularly important in the follow-through period after a radical technological 
breakthrough. Although their combined effect is extremely important for the growth 
productivity, no single incremental innovation has dramatic effects and they may 
sometimes pass unnoticed and unrecorded. The evidence of demand-led innovations 
relates primarily to this category and they account for the vast majority of patents. 
Incremental innovations do not raise any major problems of structural adjustment 
because they do not require entirely new forms of organizations, new types of capital 
equipment or infrastructure, new skills or institutional framework. 

Radical innovations, far from being demand-driven, were usually imposed on an 
initially unreceptive and unwilling market. However, the technologists or scientists who 
are primarily responsible for developing radical innovations clearly do have a potential 
market in mind and are influenced by social and economic developments. Radical 
innovations are discontinuous events that typically result from deliberate R&D activities 
of firms, universities or government laboratories. Whenever they occur radical 
innovations tend to create new markets and lead to surges of investment. As a result 
they are an important stimulus to economic growth. Radical innovations often involve 
combined process, product and organizational innovations. They tend to create 
problems of structural adjustment by requiring new types of capital equipment and 
skills, and sometimes even new infrastructure and social institutions. However, unless 
they come in clusters, the economic and social impact of radical innovations tends to be 
relatively small and localized. 

Changes in technology systems are far-reaching changes in technology that affect one or 
several sectors of the economy as well as give rise to entirely new sectors. They are 
based on a combination of radical and incremental innovations together with 
organizational and managerial innovations affecting more than one or few firms. 
Examples include the clusters of synthetic materials and petrochemical innovations 
introduced in the 1930s, 1940s and 1950s. The structural and social problems are more 
severe than radical innovations. 

A new technoeconomic paradigm is based on a combination of radical product, process 
and organizational innovations that opens up a wide range of investment and profit 
opportunities. Changes in technoeconomic paradigm change the engineering trajectories 
for specific product or process technologies and may eventually embody a number of 
new technology systems. They also require fundamental adjustments in organizational 
and socioinstitutional arrangements of society. Each paradigm typically takes advantage 
of a particular cheap input or key factors, such as cotton, coal, steel, oil and 
microprocessors. These key factors fulfill the following conditions: they have low and 
rapidly falling relative costs, almost unlimited supply over long periods and clear 
potential for incorporation or use in many products and processes throughout the 
economic system. The current example is the new ICT paradigm based on a 
constellation of radical innovations in computers, electronics and telecommunications. 
The worldwide diffusion of a new technoeconomic paradigm makes possible a quantum 
leap in productivity. However, initially such a leap is realized only in a few leading 
sectors. In other sectors productivity gains cannot usually be realized without far-
reaching organizational and social adjustments. 
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Schumpeter tried to explain the long (50-60 years) cycles of economic development that 
had been recognized by Kondratiev and others.TPTP

29
PTPT His theory begins from a situation 

where a profit-seeking entrepreneur makes an innovation. In order to profit from the 
innovation the entrepreneur founds a new firm and borrows money to construct a new 
plant and buy equipment from existing firms. Soon other entrepreneurs follow him to 
imitate and improve the original innovation or to profit from the related business 
opportunities. The increased borrowing by entrepreneurs increases money supply in the 
economy, pushing up the prices, incomes, and interest rates. Revenues and costs of all 
firms increase. The performance of individual firms and industries depend on the shifts 
in demand that follow these changes. On average, however, the old firms are likely to 
do rather well before the new products reach their markets. Once the new products flow 
into the market in large quantities, they are likely to create disequilibrium that requires 
adaptation from the established firms. These adaptations do not disrupt the system as 
long as new entrepreneurs emerge to feed the process with new investments. However, 
eventually the entrepreneurial innovation slackens and finally stops altogether. His 
explanation for this retardation of innovatory activity emphasizes the limited potential 
of innovation trajectories and the increased uncertainty that innovations bring about. 
The first drives down the expected profits of innovation while the second increases the 
risk of failure. As a consequence entrepreneurs reduce their expenditures and pay back 
their bank loans. This leads the economic system to a new neighborhood of equilibrium 
that is characterized by a greater output. 

This primary wave drives the cyclical fluctuation of economies.TPTP

30
PTPT The repercussions of 

the primary wave lead to a secondary wave that amplifies the economic fluctuations. 
Besides increasing investments, the entrepreneurial activity raises the incomes of the 
consumers whose spending adds to economic prosperity. The economic boom leads 
many households and firms to speculate that the good times will continue indefinitely. 
The phenomena of this secondary wave may be and generally are quantitatively more 
important than those of the primary wave. The primary and secondary waves of 
prosperity come to an end for the same reason. However, the secondary wave makes the 
process of readjustment more painful. Many of the speculative transactions cannot stand 
the test of recession and cause a period of liquidation. The crumbling debt structure may 
lead to a vicious spiral where falling property values lead to more liquidation and so on. 
This may push the economic system into a depression. However, when the depression 
has run its course, the system gradually returns to a new neighborhood of equilibrium. 

The Schumpeterian system has been criticized for its unsatisfactory theory of depression 
and its neglect of the major socio-institutional changes required by the new techno-
economic paradigms. TPTP

31
PTPT Three different schools of thought, the neo-Schumpeterian, neo-
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Smithian, and neo-Marxist have examined the systemic properties of social change, 
focusing on different parts of Marx’s dynamic theory.TPTP

32
PTPT The neo-Schumpeterians stress 

the role of technological breakthrough in economic development.TPTP

33
PTPT The neo-Smithians 

emphasize the effects of increasing economic specialization on demand patterns and 
organizational arrangements.TPTP

34
PTPT The neo-Marxists, led by the French regulation school, 

focus on the institutional change.TPTP

35
PTPT  

The neo-Schumpeterians criticize the original Schumpeterian system for its neglect of 
the major socioinstitutional changes required by new technoeconomic paradigms. Due 
to this neglect, they argued, Schumpeter’s theory can only explain shorter economic 
cycles, not the long Kondratiev waves (50-60 years) of economic development. They 
have extended Schumpeter’s theory to include socioinstitutional factors that change 
with each technoeconomic paradigm. Factors in the neo-Schumpeterian framework are 
very closely linked with the determinants of competitiveness and growth: 

– Skill profile of the labor force; 
– Types of physical infrastructure; 
– Sectoral patterns of investment that favor the key factors; 
– Best-practice form of organization at the firm and plant level; 
– Locational patterns of investment and trade, nationally and internationally; and 
– Patterns of consumption and distribution behavior. 

According to the neo-Schumpeterian view, a new technoeconomic paradigm is initially 
introduced when the established paradigm is at its peak but rapidly approaching its 
technological limits. The falling profitability of the established technological trajectory 
leads some entrepreneurs to search for new technoeconomic paradigm while others 
engage in speculative activities. However, a new paradigm cannot replace the old one 
until it has clearly demonstrated its advantages and until the supply of the new key 
factor already satisfies the three conditions: falling costs, rapidly increasing supply and 
pervasive applications. As a new technoeconomic paradigm emerges from the entrepre-
neurial process of trials and errors, the prevailing socioinstitutional framework is 
typically slow to respond. The increasing mismatch between the two subsystems brings 
                                                                                                                                                                          
Behavior, in Dosi, G., C. Freeman, R. Nelson, G. Silverberg and L. Soete (eds.), Technical Change and 
Economic Theory, Pinter Publishers: London. 
TPTP

32
PTPT Karl Marx was probably the first to suggest that technological change is the driving force behind socio-

institutional change. Marx argued that major changes in society’s production forces require corresponding 
changes in production relations, which, in turn, lead to emergence of new legal and political super-
structure and forms of social consciousness. Marx, K. (1859), A Contribution to the Critique of Political 
Economy, London. According to Shaw, productive forces include more than machines or technology in a 
narrow sense. In his interpretation, Marx labor-power – the skills, knowledge, experience and so on that 
enable labor to produce – seems to be the most important productive force. Similarly the relations of 
production consist of the actual relations that are materially necessary for production to proceed and the 
social relations that govern the control of productive forces and the products of production. Shaw, W.H. 
(1979), The Handmill Gives You a Feudal Lord: Marx’s Technological Determinism, History and Theory, 
Studies in the Philosophy of History, vol. 18, Wesleyan University Press: Middletown. 
TPTP
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PTPT See Freeman and Perez (1988). 

TPTP

34
PTPT See Piore and Sable (1984). 

TPTP

35
PTPT Boyer, R. (1988), Technical Change and The Theory of Regulation, in in Dosi, G., C. Freeman, R. 

Nelson, G. Silverberg and L. Soete (eds.), Technical Change and Economic Theory, Pinter Publishers: 
London; Amin, A. (1994), Post-Fordism: Models, Fantasies and Phantoms of Transition, in Amin, A. (ed.), 
Post-Fordism: A Reader, Blackwell: Oxford. 
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about a structural crisis in the economy, i.e., depression in the long wave. A techno-
economic paradigm-shift leads to a period of political search, experimentation and 
turmoil. A long period of economic growth begins once the political process has brought  
new harmony between technoeconomic and socioinstitutional subsystems. In the post-
war decades, the mass production system, large corporate hierarchies, Keynesian 
demand management and growing international markets formed a complementary 
whole that supported a long economic boom. Three types of branches form the core of 
the new industrial structure. 

– Carrier branches, which make intensive use of the new key factor of production, 
are best adapted to the ideal organization of production, provide a great variety 
of investment opportunities and therefore become the locomotives of the new 
paradigm. 

– Motive branches are responsible for the production of key factors and other 
inputs directly associated with them, and thus increase the advantage of the new 
paradigm. The growth of their markets depends on the diffusion of the new 
paradigm. 

– Induced branches are complementary to the growth of the carrier branches, and 
only flourish once the necessary social and institutional innovations have taken 
place. 

The neo-Smithian scholars focus primarily on the ‘second industrial divide’ currently 
taking place in industrial economies. Industrial divides are those rare turning points in 
history when a new best practice organizational paradigm replaces the established 
organizational paradigm. The specific characteristics of the new paradigm are not 
predetermined but emerge from the competition of several viable organizational 
alternatives. Once the new paradigm has gained enough industrial, infrastructural and 
institutional support, the other competitors will fall by the wayside. Two integral parts 
of the general socioeconomic order must change with the emergence of a new techno-
economic paradigm: the composition of labor force and the organization of work. 
Different technological apparatus not only require different labor force but also different 
orders of supervision and coordination. More specifically the present industrial divide 
involves a transition from the mass production system of the 20th century to a new 
organizational paradigm characterized by flexible specialization. Flexible specialization 
and geographically concentrated inter-organizational networks form the core of the new 
paradigm. 

The two key concepts of the neo-Marxian approach were the regime of accumulation 
and the mode of regulation, which are very close to the neo-Schumpeterian techno-
economic and socioinstitutional paradigms, respectively. The neo-Marxists focus most 
of their attention to the mode of regulation. French political economists pioneered the 
neo-Marxist regulation approach in the 1970s. They attempted to explain the dynamics 
of long-term cycles of economic stability and change. Their aim was to develop a 
theoretical framework that could explain the paradox in capitalism between its inherent 
tendency towards instability, crisis and change, and its ability to coalesce and stabilize 
around a set of institutions, rules and norms that serve to secure a relatively long period 
of stability. This theoretical effort was inspired by the structural crisis of the 1970s. 
They stressed the internal contradictions and problems of the institutional mechanisms 
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that had guided the postwar world economy. The regime of accumulation refers to a set 
of regularities at the level of the whole economy, enabling a more or less coherent 
process of capital accumulation. It includes norms pertaining to the organization of 
production and work (the labor process); relationships and forms of exchange between 
branches of the economy; common rules of industrial and commercial management; 
principles of income sharing between wages, profits and taxes; norms of consumption 
and patterns of demand in the marketplace; and other aspects of the macro-economy. 
The mode of regulation refers to the institutional ensembles (laws, agreements, etc.) and 
the complex of cultural habits and norms that secures capitalist reproduction as such. It 
consists of a set of formal and informal rules that codify the main social relationships. 
The neo-Marxian approach contrasts the mode of regulation with the concept of general 
equilibrium in standard economic theory. Instead of equilibrium, there can be several 
coherent and stable modes of regulation, or social systems of production, which 
coordinate the decentralized decisions of individuals without them having to know the 
logic of the whole system.TPTP

36
PTPT The neo-Marxian researchers have paid special attention to 

social change in such areas as:  

– Money and credit relationship (from entrepreneurial capital to external finance); 
– Labor markets (from competition to collective bargaining); 
– Type of competition (from price competition to oligopolistic competition) and 

inter-firm relations (from centralization to decentralization); 
– Patterns of international involvement (changing regulation of international 

business activities and financial flows); and 
– Forms of state intervention (from bounded Smithian to large interventionist 

state) 

The neo-Marxian approach distinguishes between the cyclical and structural crises of 
the economy. Cyclical crises are seen as a part of the system’s self-equilibration process, 
which does not destroy the prevailing mode of regulation. A structural crisis is any 
episode during which the very functioning of regulation comes into contradiction with 
existing institutional forms, which are then abandoned, destroyed or bypassed. During 
such a crisis, technological change and productivity growth is more likely to have a 
negative impact on employment than in more stable periods. The economic system 
cannot find a solution to a structural crisis by itself; it requires political and social 
choices that restructure the whole system. Unlike the neo-Schumpeterian colleagues, the 
neo-Marxian researchers do not accept the simple technological determinism argument. 
The technological progress itself is driven by the social environment and hence must be 
compatible with existing economic and other institutions of the society. National 
differences in circumstances may explain why the diffusion of a new technological 
paradigm takes place in different time periods and forms in different countries. More 
recently, some neo-Schumpeterians have begun to pay more attention to the selection 
environment of technological innovation. The economic and social impact of new 
technologies is constrained by the natural, created and institutional environment. 
                                                           
TPTP
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PTPT Boyer, R. (1988), Technical Change and The Theory of Regulation, in in Dosi, G., C. Freeman, R. 

Nelson, G. Silverberg and L. Soete (eds.), Technical Change and Economic Theory, Pinter Publishers: 
London; Hollingsworth, J.R. and R. Boyer, 1997. Coordination of Economic Actors and Social Systems 
of Production, in Hollingsworth, J.R. and R. Boyer (eds.), Contemporary Capitalism: The Embeddedness 
of Institutions, Cambridge University Press: New York. 
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Established industries and firms well adjusted to the existing environment create social 
inertia against the adoption of new technologies. The odd ruling class will typically 
strive to preserve the existing system or modify it in ways that retain the prevailing 
social structure.TPTP

37
PTPT 

Crisis of the Established Technoeconomic Paradigm 
The neo-Schumpeterian, neo-Smithian and neo-Marxian theories suggest that socio-
economic systems alternate between long periods of evolutionary and revolutionary 
change. The evolutionary periods are characterized by relatively stable and synergistic 
relationships among the key components of the socioeconomic system and growth 
framework. The revolutionary periods are characterized by rapid technoeconomic 
change and increasing tensions and contradictions in the system and between the 
elements of growth framework. The world economy is currently going through such a 
revolutionary period. The last stages of an old technoeconomic paradigm are often 
characterized by increasing resource-related costs. The growing resource demand for 
productive resources during the long upswing of an established technoeconomic 
paradigm will result in scarcity and bottlenecks if the supply cannot be increased 
accordingly. The resource-related costs may also increase due to negative externalities 
related to the widespread use of the key resources. Innovative activity tends to move 
from the more radical technological opportunities towards the more incremental ones as 
the technological paradigm approaches its maturity. The diminishing technological 
opportunities of the old paradigm lead to lower profit expectations among firms, 
decrease their investment and result in weaker growth. The third source of 
disequilibrium in an established technoeconomic paradigm is related to the increasing 
specialization of economic activity. The expanding markets of the established techno-
economic paradigm create new opportunities for specialization and division of labor, 
which creates an integration (coordination) problem. As systems develop more parts and 
more complex interactions among the parts, the growing socioeconomic specialization 
fails to yield net gains in terms of increasing productivity and further specialization in 
the old organizational arrangements becomes unprofitable. The only way economic 
specialization can continue is an organizational paradigm shift. Due to the expansion 
and integration of markets, the new best-practice organizational arrangements must be 
able to handle more extensive market failures than their predecessors. 

The new technoeconomic paradigm must respond to changing product market 
conditions. No technological innovation can have a major impact on the economy and 
society unless there is a major demand for the products and services associated with it. 
As the economy progresses towards higher levels of development, patterns of 
consumption and production demand tend to change. Major product innovations and 
new best-practice organizational arrangements must be consistent with the dominant 
needs of the society. Another important determinant of innovation is the derived demand 
of producers and other organizations. The patterns of derived demand tend to change 
fundamentally during the industrialization process. As the specialization of the 
economic system increases with the expansion of markets, coordination and transaction 
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PTPT Shaw, W.H., 1979. The Handmill Gives You a Feudal Lord: Marx’s Technological Determinism, 

History and Theory, Studies in the Philosophy of History, vol. 18, Wesleyan University Press: Middletown. 
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activities require an increasing share of productive resources. In general, the importance 
of derived demand will grow relative to final consumption demand with the increasing 
specialization of production processes. Each product and service requires more value-
adding steps as the production processes become more specialized. Hence the derived 
demand of firms and other organizations plays a central role in the innovation processes 
of advanced (highly specialized) economies. The shifting patterns of consumption and 
production demand can lead to a glut in the market place because it takes time to 
redirect productive resources, technologies and organizations from the mature and 
declining markets to the emerging new growth sectors. The oversupply problem is likely 
to be worst in sectors that served the dominant consumption needs and production 
demands in the old paradigm. Another source of product market disequilibrium involves 
the expansion and integration of markets that brings new and usually less-developed 
parts into the economic system. The new participants to the global economy are pushing 
down the wages of the least skilled portions of the industrialized countries’ work force. 

The final problem with changing product market structures is the obsolescence of 
product market regulations due to rapid changes in technologies, demand patterns, 
supply structures and the extent of markets. The legislators simply cannot keep up with 
the rapid change in the product markets. The growing extent and integration of markets 
and the increasing specialization of economic activities fundamentally change the 
nature of external economic activities. Many activities that used to be external to the 
system now become an integral part of it. As a result the economic interactions and 
interdependence between the old and new parts of the system become more intensive 
and require new regulatory arrangements. 
Financial speculation, Asset Bubbles and Crashes 
The crisis of the old paradigm is typically fueled by a crisis in the financial markets.TPTP

38
PTPT 

During the mature stage of a technoeconomic paradigm, the increasing problems of the 
five components of the established paradigm – resources, technologies, organizational 
arrangements, product markets, and external business activities – begin to decrease the 
profitability of firms and reduce the number of healthy investment opportunities. 
Investors, who have got used to good returns during the long upswing of the established 
paradigm, attempt to maintain their old return levels by turning to increasingly risky 
investments. These investments are often related to potential core technologies of the 
next technoeconomic paradigm.TPTP

39
PTPT These new technologies tend to be characterized by 

big profit expectations but also great uncertainties. The result is a speculative boom in 
the economy. The boom is fueled by the increasing competition among financial 
institutions that are trying to find new customers to compensate for the slackening 
demand in traditional business financing. Increasingly speculative investments are being 
financed as existing financial institutions expand their lending and investment banking 
activities, new financial intermediaries are formed, new financial instruments are 
invented and personal credit is more intensively utilized. The savings rate will drop 
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Sons: New York; Minsky, H. (1982), The Financial Instability Hypothesis: Capitalistic Processes and the 
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accordingly. 

After a while the increased demand will press against the economy’s production 
capacity and the supply of existing financial assets. Prices begin to increase giving rise 
to new profit opportunities and attracting still further firms and investors. The rising 
asset prices make consumers feel wealthier and increase their consumption. Normal 
interest rates may also lag price increases, which reduces real interest rates and creates 
additional demand. All this results in positive feedback mechanism where new 
consumption and investment lead to increases in income, which further stimulates 
consumption and investment and so on. At this stage the speculative urge of the public 
may already become euphoria. Speculation for price increases is added to investment 
for production and sale. For a while the speculative boom can create enough demand to 
mask the growing problems of the old paradigm. When the number of firms and 
households engaging in speculative activities grows large, bringing in segments of the 
population that are normally aloof from such ventures, the normal, rational behavior of 
investors gives way to a mania and creates a bubble in asset values. At a late stage, 
speculation tends to detach itself from the really valuable objectives and turns to elusive 
ones. A larger and larger group of people seeks to become rich without a real under-
standing of the processes involved. 

At some stage, however, a few insiders decide to take profits and sell out. At the top of 
the market, there is hesitation as new recruits to speculation are balanced by insiders 
who withdraw. Prices begin to level off. There may then ensue an uneasy period of 
financial distress. At this point a considerable part of the speculating community 
becomes aware that a rush for liquidity may develop with disastrous consequences for 
the prices of goods and securities leaving some speculative borrowers unable to pay off 
their loans. The deflation of asset prices creates a negative wealth effect, which turns 
consumer spending into a tailspin. Perhaps more important, however, the bankruptcies 
and delinquencies that result from the collapse of asset prices push the financial system 
into a crisis. This leads to credit crunch as banks and other financial intermediaries 
sharply cut their lending and other financing activities. It may also develop into a full-
blown panic as people attempt to get out of fixed assets to liquid money before the 
market or their own financial intermediary collapses. A credit crunch and bank panic, in 
turn, reduce the money supply in the economy and leads to a more general deflation of 
prices. A vicious circle of declining prices, aggregate demand and economic depression 
has begun. 



 

3. Technological Advances and Industrial Progress 

3.1 Introduction 
Studies on economic growth recognize the existence of residual, a part of economic 
growth unexplained by more capital or more labor. Technological change seems a 
natural candidate to explain this residual. The historical records of technological change 
are uneven and spasmodic. Some brief spans in history of a particular nation – such as 
Britain during 1760-1800 or the US after 1945 – are enormously rich in technological 
change. These peaks are often followed by period in which technical advance peters out. 
The vast literature on technological change, however, has not been very successful in 
explaining why some societies are technologically more creative than others. Although 
economists, sociologists, and historians have written extensively about this question, 
they have found its explanation elusive. There are good reasons for this lack of 
understanding. The diversity of technological history is such that almost any point can 
be contradicted with counter examples. Picking up empirical regularities in this massive 
amount of qualitative and often uncertain and incomplete information is hazardous. Yet 
without it, the painstaking work of technological historian seems point-less, and the role 
of technology in history of economies will remain incomprehensible.1

Economic growth can occur as the result of four distinct processes: increases in the 
capital-labor ratio, increases in trade, increase in the stock of human knowledge, and 
scale and size effects. These four forms of economic growth reinforce each other in 
many complex ways.2 Studies on technological change inevitably must move between 
the aggregate and the individual levels of analysis. Economic growth is by definition an 
aggregate process, the processes of invention and adoption.3 The economic historian is 
                                                           
1 Mokyr, J. (1990), The Lever of Riches: Technological Creativity and Economic Growth, Oxford 
University Press: Oxford. 
2 Parker (1984) termed economic growth caused by increases in trade Smithian growth, and defined 
Schumpeterian growth as capitalist expansion deriving from continuous, though fluctuating, technological 
change and innovation, financed by the expansion of credit. The term Smithian growth is slightly mis-
leading because Smith emphasized the gains from trade that derived from the division of labor, 
specialization and the resulting productivity gains. The standard gains from trade model, developed by 
David Ricardo, is based on comparative advantage and does not depend on the Smithian notions of 
specialization. Smith emphasized demand as the limit to specialization, while Ricardo’s model holds 
independent of the size of the market. Regarding scale or size effects, it is sometimes maintained that 
population growth itself can lead to per capita income growth. Clearly, if division of labor increases 
prosperity, then for very small populations, growth in numbers alone would make specialization possible 
and lead to gains in output. Moreover, at least up to some point, there are fixed costs and indivisibilities, 
such as roads, schools, property-rights enforcement agencies, and so on, that can be deployed effectively 
only for relatively large population. A continuous growth in population, however, will increase the 
pressure of population on other resources that do not grow or grow more slowly, and the economy will 
move from a regime of increasing to a regime of diminishing returns. When this crowing effect begins to 
be felt, further population growth will lead to intensification of production, which causes average income 
to decline. William Parker (1984), Europe, America, and the Wider World, Cambridge University Press: 
Cambridge. 
3 Mainstream economics that deals with rational choices subject to known constraints faces a dilemma in 
dealing with technological activity. Technological activity involves an attack by an individual on a 
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directed to the macro foundations of technological creativity, that is, what kind of social 
environment makes individuals innovative; what kind of institutions, incentives, and 
stimuli create an economy that encourages technological creativity? 

In the long run, technologically creative societies must be both inventive and innovative. 
Invention and innovation are complements. Without innovation, inventors will lack 
focus and have little economic incentive to purse new ideas. Inventions are usually 
improved, debugged, and modified during the implementation stages in ways that 
qualify the smaller changes themselves as inventions. Without invention, innovation 
will eventually slow down. The diffusion of innovations to other economies often 
requires adaptation to local conditions, and has in most cases implied further 
productivity gains as a result of learning by doing. For a society to be technologically 
creative, many diverse conditions have to be satisfied simultaneously. There has to be a 
cadre of ingenuous and resourceful innovators. Economic and social institutions have to 
encourage potential innovators. Innovation requires diversity and tolerance: in every 
society there are stabilizing forces that protect the status quo. Some of these forces 
protect entrenched vested interests that might incur losses if innovations were 
introduced. Technological creativity needs to overcome these forces. 

Technology accumulates continuously from incremental changes made by a large 
number of anonymous people. Almost all inventions consist of such ‘technological 
drifts’ consisting mostly of anonymous, incremental improvements.4 The essential 
feature of technological progress is that the micro-inventions and macro-inventions are 
not substitutes but complements.5 Without novel and radical departures, the continuous 
process of improving and refining existing techniques would run into diminishing 
returns and eventually peter out. Without subsequent micro-inventions, most macro-
inventions would end up as sketchbooks. In some historical instances, the person who 
came up with the improvements that clinched the case receives more credit than the 
inventor responsible for the original breakthroughs, as in the case of the steam engine, 
the pneumatic tire, and the bicycle. Micro-inventions are more or less understandable 
with the help of standard economic concepts. They result from search and inventive 
efforts, and respond to incentives and prices. Learning by doing and learning by using 
increase economic efficiency and are correlated with economic variables such as output 
and employment. However, macro-inventions do not seem to obey obvious laws, do not 
necessarily respond to incentives, and defy most attempts to relate them to exogenous 
economic variables. Many of them resulted from strokes of genius, luck, or serendipity. 
Thus, technological history retains an unexplained component that defies explanation in 
purely economic terms. 

                                                                                                                                                                          
constraints that everyone else takes as given. 
4 See Jones, E.L. (1981), The European Miracle, Cambridge University Press: Cambridge; Rosenberg, N. 
(1982), Inside the Black Box: Technology and Economics, Cambridge University Press: Cambridge.  
5 The distinction between micro- and macro-inventions is useful because, as historians of technology 
emphasize, the word first is hazardous in this literature. Many technological breakthroughs had a history 
that began before the event generally regarded as the invention, and almost all macro-inventions required 
subsequent improvements to make them operational. Yet in a large number of cases, one or two 
identifiable events were crucial. Without such breakthroughs, technological progress would eventually 
fizzle out. 
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3.2 Industrialization in Europe before 1820 
The Renaissance and the Baroque 
Medieval Western technology drew from three sources: classical antiquity, Islamic and 
Asian societies, and its own original creativity. In medieval Europe, the economic and 
cultural environment was primitive compared to the classical period. Many of the 
ingredients that are thought of as essential to technological progress were absent. Since 
the 8th centuries, European societies began to show the first signs of what eventually 
became a torrent of technological creativity. In the two centuries before 1500, Europe’s 
technological creativity became increasingly original. By 1500, Europe was no longer 
the technological backwater it had been in 900, nor was it the upstart imitator of 1200.6

In the centuries after 1500, the gap between Europe and the rest of the world gradually 
widened, even though there were relatively few macro-inventions. The increase in 
productivity consisted largely of sequences of micro-inventions and modifications to 
existing techniques. Although there was no scarcity of bold and novel technical ideas, 
the constraints of workmanship and materials to turn them into reality became binding. 
If inventions were dated according to the first time they occurred to anyone, rather than 
the first time they were actually constructed, this period may indeed be regarded as 
creative as the Industrial Revolution. The paddle-wheel boats, calculating machines, 
parachutes, fountain pens, steam-operated wheels, power looms, and ball bearings 
envisaged in this age, but had no economic impact because they could not be made 
practical. 

From a purely economic point of view, the most important technological change in 
terms of its potential contributions to material welfare was a set of modifications in 
agricultural practice, which first appeared in Low Countries (Belgium, Netherlands and 
Luxembourg) by the close of the Middle Age. The principles of the new husbandry were 
revolutionary, and their adoption led eventually to increase in agricultural output. Three 
elements (new crops, stall feeding of cattle and the elimination of fallow) were closely 
related. These changes spread slowly to England and eastward, but by 1750 their 
adoption was far from complete and in some areas (including most of France) had 
hardly begun. The effect of the new husbandry on living standard is hard to quantify. In 
many areas its full-scale adoption took place only in the 19th century. 

In the area of energy use, medieval techniques were improved but not revolutionized. 
The windmill continued on its tortuous road to ever-greater efficiency when Dutch and 
Italian engineers in the 16th century introduced the tower mill. The Dutch were often 
able to increase the efficiency of manufacturing (e.g., papermaking, sawmill, etc.) using 
wind power through technical ingenuity. Waterpower generation and transmission also 
became more sophisticated. 

The use of peat and coal expanded geographically in the two centuries after 1500. There 
were also major improvements in the use of blast furnaces: a continuous smelting 
process was adopted, which fed ore and fuel into the furnace continuously, producing a 
continuous flow of pig iron. In the refining and shaping, rotary action was introduced: 

                                                           
6 The oriental empires experienced a slowdown in their own technological progress. Islam’s technology 
had stopped dead in its track by 1200, and China’s had by 1450. 
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rolling mills (producing flat sheets of wrought iron) and slitting mills (cutting flat sheets 
into narrow strips for the manufacture of nails, wires, pins, cutlery and other final 
products) were operating around 1600.7

Mining entered an age of progress from 1450, especially in central Europe. The 
technical problems in mining were universal: flooding, explosions, and vertical haulage. 
Germans led Europe in mining technology: developing transmission of waterpower to 
high-elevation mines; applying gunpowder for blasting rocks; pioneering the use of rails 
for underground transport; using horse-operated treadmills to run windlasses; and above 
all developing a variety of pumping devices. Books on mining engineering were 
published and used as a manual for generations, but mining engineering remained an 
empirical body of knowledge with no theory. 

A large number of technical ‘how-to’ books published after 1450 provided a vehicle 
through which technology was diffused through Europe. Renaissance engineers wrote 
about a variety of machines and contraptions, many of them serving architectural and 
military purposes. A technical literature emerged, written by engineers for engineers, 
and technical knowledge became increasingly communicable and thus cumulative. But 
the effect of innovation on productivity came only slowly. The machines described by 
such book were not standard equipment in Renaissance Europe. The gap between best-
practice technique and average-practice technique was large. Many of the complex 
machines described were simply too expensive; it was often difficult for machine 
builders or engineers to cover the costs of construction or to borrow the necessary funds. 
In other cases, lack of local skilled labor and mechanics made it difficult to adapt 
machines that worked well on the site to operate on another under different circum-
stances. Among the successes of Renaissance technology were its achievements in 
hydraulic engineering. Engineers struggled with oceans, rivers, and swamps, employing 
power-driven scoop-wheels and screw pumps. Mechanical-powered water supply 
systems were installed. In textiles, foot-operated spinning wheel and hand-operated 
knitting machine were invented in the late 16th century. New fabrics were introduced 
around this time: the production of worsteds was expanded; and Europeans started to 
make cotton products.8

Instruments came before machines. Clock-makers revealed the wonders that precision-
built spring-driven gears and cogs could achieve. Astronomical instruments and 
compasses were crucial to the worldwide navigation. Military technology required 
precision for the calibration and sighting of guns. Commerce required precision scales, 
and real estate required odometers. A special branch of the instrument making industry 
was optics. Concave lenses were developed in the late 16th century. The telescope was 
invented in the early 17th century. Instrument making in the 16th and 17th century was 
an art, not a standard technique. Most improvements were the result of serendipity and 
trial-and-error searches. Learning and training took place mostly through apprenticing 

                                                           
7 In Britain and a few places in the Continent, coal was used in iron forges, glass making, salt making, 
soap boiling, alum production, and lime burning. The Dutch used their abundant peat supplies in brick-
making, madder production, kiln-operation, salt refining, bakery, bleaching, and tile making. 
8 Cotton products were imported from the Orient. With the predominance of cotton in Western Europe 
still far in the future, the early modern period saw a great expansion of the production of worsteds, a 
woolen product made of coarse wool that had been combed rather than carded. 
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and informal contact. Mechanics had to build their own parts, and often the gap between 
the visionary who saw what might be done and the craftsmen whose material and tools 
limited what could be done was too wide to be bridged.9 The industrial Revolution 
became possible when mechanics and machine tools could translate ideas and blueprints 
into accurate and reliable prototypes. Until then, instruments and tools were handmade, 
expensive to make and repair, and limited in their uses. The precision industry produced 
important spillover effects in the manufacturing sector. The main breakthroughs had to 
await the Industrial Revolution, but the lathe under-went improvements, as clock and 
instrument makers needed precision parts and accurately cut screws, and opticians 
needed precision-ground lenses. An ingenious and sophisticated screw-cutting machine 
was built around 1569. 

The period 1500-1750 is better known for its scientific achievements than its 
technological breakthroughs. The modern distinction between scientist and engineer had 
not yet appeared. Many scientists made their own instruments and contributed to the 
solution of practical problems associated with their manufacture. The Renaissance and 
the Baroque period also witnessed the beginning of the application of mathematics to 
engineering in a variety of areas.10 The main applications of mathematics were in 
mechanical engineering. Mathematics was needed in measurement, civil engineering, 
ballistics, navigation, optics, and hydraulic systems. In areas such as shipbuilding and 
machinery, the application of mathematics was more difficult, because much of the 
mathematics still needed to be developed Galileo’s development of mathematical 
physics, and the later invention of calculus were necessary for those further advances. 

As urban wages rose, rural workers in slack seasons were gradually recognized as an 
efficient source of labor. Urban entrepreneurs organized rural industry: they broke the 
production process into simple discrete stages and gradually developed a division of 
labor despite the dispersion of production sites. The rural cottage industries were 
capitalistic, integrated into world markets, and devoid of tight controls and regulation s 
of urban industries.11 Rural industry in many areas was the first attempt toward some-
thing akin to mass production. Although mass production without standardization and 
supervision had its limits, the merchant-entrepreneurs who ran the putting-out system 
realized the potential of cheap goods produced on a large scale, and learned to 
appreciate the profits inherent in cost-reducing technological advances. 

The geographic discoveries were in many ways the dominant feature of this age. In 
some ways, the discoveries slowed the rate of technological progress, absorbing much 
of the energies of the more adventurous and resourceful Europeans. Yet technological 
and geographical discovery were often complementary. Although few Renaissance 
innovations in shipbuilding and seafaring techniques were as dramatic as those of the 
later Middle Age, progress was made in less spectacular but economically crucial areas, 
                                                           
9 The most famous of these visionaries was Leonardo Da Vinci, who left 5,000 pages of unpublished 
notebooks, many of which dealt with machinery. 
10 During the Middle Age, Europe had made few major contributions to mathematics. In the latter Middle 
Age, the Europeans learned mathematics from the Arabs, then improved, and eventually took over the 
field, so that modern mathematics is by and large a European product. 
11 The tight corporate structure of craft guilds restricted entry and imposed strict rules on the quality and 
price of output. By the 16th century, town guilds had begun to stifle technological progress to protect their 
monopolistic position and vested interests. 
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leading to significant reductions in transport costs. 

The rise of nation states between 1450 and 1750 had important effects on technology. 
Many governments adopted policies that encourage new technology. The objectives of 
these policies were frequently political and military. Yet, in this period, a mercantilist 
outlook led governments to follow an active industrial policy. States increasingly 
employed and subsidized engineers, and awarded monopolies, patents, and pensions to 
inventors. 

The Industrial Revolution in Britain, 1760-1830 
The Industrial Revolution is usually dated between 1760 and 1830. Britain is usually 
thought of as its locus, but a large part of the new technology was developed in other 
European countries and later in the US. The British were prominent in providing 
technologically revolutionary ideas: Britons made most of the crucial inventions. Yet 
Britain’s relative role in invention is smaller than its corresponding role in implement-
ation. Many important inventions that can be attributed to Continental inventors found 
their successful implementation in Britain. The prevailing talent of British people is to 
apply new ideas to use and bring such applications to perfection. Invention was not 
equivalent to technological change. One crucial difference between Britain and the 
Continent that helped Britain to establish its head start was its endowment of skilled 
labor at the onset of the Industrial Revolution.12 Thus every experiment cost less and 
was executed more quickly than it could have been anywhere else. The new contrivance 
could be manufactured more cheaply and applied in production on a scale far greater 
than in any other country. In the middle of the 18th century, Britain had at its disposal a 
large number of technicians and craftsmen who could carry out the mundane but 
indispensable construction details of the new contrivances. 

The fruits of the Industrial Revolution were slow in coming. In the early years of the 
Industrial Revolution, the direct impact of innovation was limited. Emerging new 
sectors (e.g., iron, textiles, steam power, chemicals, gas lighting, machine tools, and 
pottery) were small relative to GDP, and the innovations were mostly improvements in 
processes or products in established industries. Per capita consumption and living 
standards increased little initially, but production technologies changed dramatically in 
many industries and sectors, preparing the way for sustained growth in the second half 
of the 19th century, when technological progress spread to previously unaffected 
industries. 

During the Industrial Revolution, technological progress was usually the result of joint 
and cumulative efforts of many individuals. A typical innovator in those years was a 
dexterous and mechanically inclined person who became aware of a technical problem 
to be solved and guessed approximately how to go about solving it. The successful 
innovators were those who put the pieces together better than their colleagues, or those 
who managed to resolve one final stubborn difficulty blocking the realization of a new 
technique. Technological changes were mainly the introduction of steam engines and 
the substitution of machine for human skills. Machinery represented a standard solution 
to the technological problems faced by manufacturers: the prevailing technological 
                                                           
12 The Englishman had access to a great variety of highly skilled artisans, with a growing stock of tools 
capable of work more exact than the work of the human hand. 
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paradigm was mechanization.13 The application of steam power to driving machinery 
permitted continued mechanization.14 There was innovative interaction between further 
developments of the steam engine and those of the machinery. Most of the process 
innovation came from owners of medium-sized workshops through learning by doing. 
Some of these became notable innovators in the mid-19th century, when the capital 
goods activities became more clearly separated from the user industries. In steam 
engines and machine tools, the machine makers played a relatively much larger part, 
and were more active in diffusion. In textiles, however, users played a much more 
crucial role than just adaptation of machinery.15 Most product innovation required 
simultaneous process innovation, i.e. attendant changes in the machinery in order to 
spin the new yarns or to weave the new fabrics. Adoption of the new machines could 
allow users to experiment with new products and new qualities of existing products. The 
usual pattern during the Industrial Revolution was the introduction of machines first 
into low grades, essentially because the early machines were too crude in their mode of 
operation to cope with more delicate materials. The machines were then progressively 
scaled up to higher qualities as learning took place and their mode of operations steadily 
improved. There were attempts to exert greater control over quality: schools of design 
were set up to make the design process more coherent and controllable. Significant 
advances in consumer goods were mostly responses to the middle-class wants. In 
agriculture, the most relevant technology was ‘biological’ (use of fertilizer, new crops 
and crop rotations, selective breeding of animals). Only around the mid-19th century 
did the technological paradigm for British agriculture begin shifting from a biological to 
a more mechanical one. 

The steam engine is widely regarded as the quintessential invention of the Industrial 
Revolution. In the second half of the 19th century, steam power penetrated every aspect 
of economic life in Europe. In conjunction with other inventions, power technology 
created the gap between Europe and the rest of the world. A prototype was built in 1691, 
showing that a piston could move up and down a cylinder using steam. The first 
working steam engine (a suction pump) was built in 1698. The first economically 
successful engine was installed in a coalmine in 1712, which was the first economically 
useful transformation of thermal energy (heat) into kinetic energy (work). James Watt 
introduced many improvements on the steam engine, including a transmission 
mechanism that converted the reciprocating motion of the engine to the rotating motion 
                                                           
13 From the 16th to early 18th century, the predominant form of technical progress in activities such as 
textiles was product innovation. During the mid-18th to early 19th century, the focus of attention switched 
instead to process innovations. With the spread of the mechanization paradigm, process changes came to 
dominate during the Industrial Revolution. 
14 The steam engine was developed in the first instance for pumping, with the most important initial 
application being to pumping the water out of coal mine. The application of stationary engines to driving 
machinery came later. For the mining, the steam engine represents the standard technological solution to 
the problems encountered by the mining industry, and it was the most important factor permitting rapid 
growth of coal production alongside a steady decline in the price of coal. Subsequent technological 
development of the steam engine was James Watt’s celebrated locomotive engine of 1796. 
15 MacLeod (1992) examines that part of the mechanical engineering industry responsible for developing 
production machinery, and finds a dominant role for users rather than producers in process innovation. 
Users made most of even the more radical innovations in this area, with producers contributing a larger 
share of the incremental innovations. MacLeod, C. (1992), ‘Strategies for innovation: the diffusion of new 
technology in nineteenth-century British industry’, Economic History Review 45, 285-307. 



3. Technological Advances and Industrial Progress                                          41 
 

needed in textile mills and other industrial applications. The steam engine became a 
familiar sight in 18th-century Britain. The Watt low-pressure stationary engine 
underwent improvements. High-pressure engine, which was more economical than 
Watt’s, was built in 1802. A steamboat prototype was built in France 1783 and was 
made practical in the US in 1807. The slow diffusion of steam engine is explained by 
improvements in the efficiency of waterpower: Waterpower was still an important 
source of power in Britain in 1830 and the dominant source of energy in Switzerland 
and New England at that time. The gains that the steam engine provided relative to 
waterpower before 1850 were fairly small. As in the case of steam engine, practical men 
without formal training in hydraulics improved the efficiency of waterpower. 

The process of turning pig iron into wrought iron remained a major bottleneck in the 
metal industry. After several improvements in the 1780s, the large furnaces replaced the 
small forges. The supply of high-quality and cheap wrought iron grew dramatically, 
making iron almost literally the building block of the Industrial Revolution. Steel 
remained too expensive to be of widespread use during the critical years of the 
Industrial Revolution. Wrought iron rather than steel was the main material until 1860. 

Cotton is regarded as the quintessential growth industry of the early stages of Industrial 
Revolution. A feverish wave of inventions focused on the manufacturing of cotton 
during the brief period between 1760 and 1800. The mule invented in 1779 could make 
cheaper, finer and stronger cotton yarn than hitherto. The main breakthrough was the 
application of steam power to spinning machine in 1780s. The self-acting mule was a 
triumph of British engineering.16 The finished yarn was bleached using chlorine, a 
process invented in 1784. Metal printing cylinders that printed patters on the finished 
cloth was invented in 1783. In weaving, the introduction of machines was slower. The 
first power loom was built in 1785, but did not work properly until 1815, and the finer 
yarns were not woven by power looms until 1830s. 

Machine tools permitted the creation of precise geometric metal forms, essential to 
machine making and uniformity. It was the most important step on the way to the 
production of machines by machines. It became possible to use iron and steel as the 
material. Among the factors responsible for making the Industrial Revolution possible 
in the late 18th century must be the existence of high-precision machine tool-making 
industry. A machine originally designed to bore cast-iron cannon was patented in 1774. 
Unlike in textiles, the masters of the engineering and machine tool industries were a 
                                                           
16 In textiles, spinning was the central technical problem. The mechanization of spinning is usually 
credited to Arkwright. Water frame (Arkwright’s machine) was incapable of spinning the finer yarns, and 
thus complemented by another invention, the spinning jenny, in 1764. However, the quality of the yarn 
was rather uneven, and the ultimate spinning machine, the mule, was invented in 1979. The mule was 
especially suitable for finer yarn; coarse yarns continued to be spun by the spinning jenny. The adaptation 
of the mule to the spinning of wool was not achieved satisfactorily until 1816. In weaving, power looms 
were applied to worsted after 1820, but the diffusion of these machines was slower than in cotton. In wool, 
the yarns were too fragile for the power looms, and mechanization did not occur until the 1840s. Like silk, 
worsted were a delicate and relatively up-market fabric woven into patterns using the so-called Jacquard 
loom, which was perfected in 1801 in France, and one of the most sophisticated technological 
breakthroughs of the time. In the linen industry, mechanization proved to be difficult. The preparatory 
stages of flax processing were mechanized in the 1830s. The adaptation of the power loom to linen 
weaving was difficult because the lack of elasticity in linen caused the yarn to snap under strain, which 
led to the sharp decline of this industry. 
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closely-knit group; its members taught each other secretes of the trade. Father-and-son 
dynasties were complemented by master-and-apprentice dynasties. Many technical 
developments occurred also in other industries, such as papermaking, glassmaking, 
ceramics industries and chemical industries. In chemical industries, Britain led the 
Continent from the mid-18th century until the mid-19th century, when Germans 
established firm leadership in chemistry. 

The innovations that made the Industrial Revolution typically did not depend on 
scientific knowledge. The technical problems that the engineers of the Industrial 
Revolution solved in metallurgy, power technology, and textiles were difficult. Given 
the tools, materials and resources at the disposal of the most talented men in Europe, it 
is not surprising that it took a long time to tackle many of the challenges. Even when all 
that was required was to combine previously known pieces of technical know-how into 
a new gadget that would actually work, the effort required by the inventor was often 
considerable. The invention and development stages of technical progress were not yet 
distinct. The changes in British economy during the Industrial Revolution were no 
doubt the result of profound economic and social forces. But ingenious, practical, 
mechanically minded people came up with the ideas that changed the world. Ideas 
themselves were not good enough. Right below the superstars were many engineers, 
technicians, entrepreneurs, and foremen who made less spectacular contributions to 
technological progress. 

British success lay in the commercialization of technologies rather than any superiority 
in its science.17 The British capability for diffusion was ahead of its capability for 
innovation. Without formal education for workers, learning by doing could proceed at 
the level of industrial technology. Organizational changes explain why Britain was the 
first country to industrialize, that is, why Britain succeeded in the commercialization of 
new technologies. The key organizational change for manufacturing was the rise of the 
factory. The factory emerged as a mode of organization intended to control workforce 
by reducing the gaps between each process and to control the quality of work through 
direct supervision. The technological and organizational changes came to feed off each 
other in the course of the Industrial Revolution. 

What distinguishes capitalism from previous eras was an economic and social system in 
which effective ownership and control of production is in the hands of those possessing 
substantial capital, i.e., the financial or managerial elites. A concentration of capital in 
the hands of those responsible for production, together with their rising political 
authority, was generally accepted, a shift away from the medieval ‘moral economy’ 
towards a fully functioning market economy. Underlying it was the steady emergence, 
over a long period, of property rights to owning capital. Stability came through the 
political triumph embodies in the ‘Glorious Revolution’ of 1688. This concentration of 
ownership of capital went with greater exercise of control over production, as most 

                                                           
17 It is traditional to equate modern science with the founding of the Royal Society in 1662. However, 
most argues that direct carryovers from science to industry were surprisingly few. At the heart of the 
Scientific Revolution was the development of scientific methods, which involved empirical investigation 
and repeated experimentation in the process of advancing scientific theory. The trial-and-error check on 
theorizing via experimentation was picked up by 18th century engineers, and used to discriminate 
between efficient and less efficient energy sources, or to compute the strengths of buildings and bridges. 
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obviously seen in the coming of the factory system. Factories gradually replaced 
putting-out system, where workers carried out production in their own homes, using 
their own or rented equipment. In the latter, workflows were very slow, product quality 
could not be guaranteed, and there was high temptation for workers to behave 
opportunistically. The factory emerged as a mode of organization intended to remedy 
these defects. The French Revolution was granted as great a role as to the British 
Industrial Revolution in laying the ground for development. The French Revolution 
brought the bourgeoisie as a class to power, with political beliefs favoring individual 
property rights. This brought rather dubious benefits so far as economic growth of the 
country concerned. The bourgeoisie were transformed more into rentiers than into 
industrialists.18 France actually entered a period of industrial protectionism after 1815, 
when Napoleon’s defeat exposed French industry to stern British competition. 

Partly as a result of the encumbrance of older industries and technologies, Britain 
reacted more slowly to the new opportunities that were to come with the Third 
Kondratiev wave.19 Britain lost comparatively little from clinging to older technological 
styles in traditional industries. Where Britain seemed to fall further behind was in their 
degree of commitment to new industries and activities. As this new commitment was 
considerable in the case of science and technology, it must have owed most to 
overhangs from the past in the organizational, managerial and financial spheres. British 
business organization proved hardly able to adapt to the large scale and high capital-
intensity of modern industry, including the lack of development of organized R&D. 
Although the US inherited much of Britain’s technological tradition, it was left free to 
develop its own styles in these other spheres. 

Many of the crucial scientific breakthroughs associated with the new industries such as 
steel and electricity were made in Britain. However, its long experience with practical 
tinkering to advance technology left it behind in the development of organized industrial 
R&D. The carry-through into production was less successful in engineering-based 
industries, where R&D needed to be much more development than research. The 
possibilities for speeding up production sufficiently to compete with new rivals were 
restricted by entrusting process control to foremen and trade unions, which reflected a 
wider lack of inter-connection between production, engineering and management within 
firms, and often between firms. 

The British financial system expanded apace with the rise of the stock market for 
                                                           
18 Millward, A.S. and S.B. Saul (1973), The Economic Development of Continental Europe, 1780-1870, 
Allen and Unwin: London. 
19 According to the chronology of Kondratiev, revised by Schumpeter in his book Business Cycles, the 
Second Kondratiev wave did not appear to involve dramatic changes in any of the exogenous conditions 
of growth. Advances in technology are best seen as further working out the technological paradigms of 
the First Kondratiev wave (e.g. the railways as the application of steam power). Nevertheless, growth 
accelerated and productivity began to rise in more sustained fashion. The diffusion of the new 
technological paradigms in the leading countries took place not just horizontally but also vertically. 
Vertical linkages cover both upstream/downstream links (equipment, components, etc.) and forward/ 
backward links (material flows, etc.). The result was a macroeconomic expansion to build upon the 
technological paradigms created in the early Industrial Revolution. The Third Kondratiev wave (from the 
1890s to the 1940s) was a different story, involving fundamental differences in all spheres (technological, 
organizational, financial, and product markets). Freeman, C. and C. Perez (1988), Structural Crises of 
Adjustment, in Dosi et al. eds., Technical Change and Economic Theory, Pinter Publishers: London. 
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financing investment in infrastructure, most conspicuously in the railway construction 
in the mid-1840s. When the infrastructure boom expired, the British financial system 
turned overseas to financing infrastructure development in other countries, instead of 
turning to domestic manufacturing. Thus British finance could have deprived domestic 
manufacturing of some funding. 

Without adequate growth of domestic demand, British industry sought growth from the 
expansion of exports of goods and services, which was to some extent aligned with the 
export of capital. Expansion of Empire and similar markets arose mainly in low-quality 
goods, for which British technology was less well suited. Increasingly British goods 
encountered rising competition in these quarters from the exporters of the newer 
countries. British manufactured exports appeared to become trapped in a vicious circle 
of slow export growth and low investment at home. With slow growth of demand, 
competitiveness was sought through cutting wages rather than innovating. 

Behind the techno-economic problems lay issues of social and economic stratification. 
Occupations were implicitly divided into the respectable and the less respectable; and 
the individuals attached to them were divided into gentlemen and players. Social 
distance disfigured finance/industry relations, labor relations, educational systems, and 
demand structures. Elitist educational systems served the science-based industries 
reasonably well, but failed to serve scale-intensive and specialized supplier industries, 
where 19th-century training methods were relied upon far into the 20-century. 

3.3 Industrialization in the Continental Europe 
After 1750, the Industrial Revolution was initially concentrated primarily in Britain. For 
about a century, Britain managed to generate and diffuse superior production techniques 
at a faster rate than the Continent, and served as a model that all European nations 
wished to emulate, but it eventually lost its leadership in technology. In the later half of 
the 19th century, technological change began to differ from that of earlier periods: an 
increasing number of technologies depended or were inspired by scientific advances and 
mass production became an important feature of technology, though its progress neither 
inevitable nor ubiquitous. 20  The development of steel, chemicals, and electricity 
required new scientific information for their perfection before they become practical. 
Much technological progress took the form of novel applications and refinements of 
existing knowledge. The application of known techniques in new combinations often 
called for further inventions if the new idea was to become practical. 

The production of high-quality steel (cast steel) was perfected around 1740 by using 
coke and reverberatory ovens to generate sufficiently high temperature to heat blister 
steel to its melting point. In this way, crucible (or cast) steel was produced. However, 
steel remained too expensive to be of widespread use. In the later half of 19th century, 

                                                           
20 Learning by doing, large fixed costs in plant and equipment, positive spillover effect (externalities) 
among different producers, network technologies, and purely technical factors such as the inherent scale 
economies in railroads, in the metallurgical and chemical industries, and in mass production employing 
interchangeable parts and continuous flow process, all operated together to reduce average costs at the 
level of the industry as well as the firm level. Mass production guaranteed the survival of small firms 
because much of the special-purpose machinery needed for mass production could not itself be mass 
produced, but catered to a small market that demanded flexibility and custom-made designs. 
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the Bessemer and Siemens-Martin processes were developed and produced bulk steel at 
rapidly falling prices.21

In chemistry, Germans took the lead. Although Britain was still capable of achieving the 
occasional lucky masterstroke that opened a new area, the patient systematic search for 
solutions by people with formal scientific and technical training suited the German 
traditions better. German chemists created modern organic chemistry, without which the 
chemical industry of the second half of the 19th century would not have been possible. 
In artificial dyes, British and German chemists first competed, but eventually the latter 
dominated this area. In 1856, an Englishmen made the first major discovery in what was 
to become the modern chemical industry. German chemists then began to search for 
other dyes. In 1860, Germans formulated the structure of the dyestuff’s molecules, and 
in 1969 they synthesized alizarin (red dye), which marked the beginning of German 
dominance in chemical discovery. In the development of the catalytic-contact process 
for making sulfuric acid, British and Germans first competed, but eventually Germans 
came to dominate, which helped them become self-sufficient in ammonia, nitrates, and 
saltpeter in the 20th century. Dynamite was discovered in 1866, which saved labor in 
constructing tunnels, roads, oil wells, and quarries.22 In the production of fertilizers, 
developments began to accelerate in the 1820s. A super-phosphates factory was 
established in England in 1843. Yet Germans soon took the lead. Because the physical 
and chemical process in agriculture are far more complex than in manufacturing, better 
theoretical knowledge was required, and serendipity eventually ran into diminishing 
returns. Systematic research of this type required that its practitioners be shielded from 
demands for immediate practical results. Private enterprise was unlikely to supply such 
patience, especially when payoff was distant and uncertain. In Germany, state-supported 
institutions subsidized agricultural research. The vulcanization process of rubber was 
invented in 1839, making the widespread industrial use of rubber possible. The first 
synthetic plastic (celluloid) was created in 1869, but the breakthrough in synthetic 
materials (Bakelite) came in 1907. Chemical theories that explain synthetic materials 
                                                           
21 By 1850, the age of iron had become fully established. But for many uses, wrought iron was inferior to 
steel. The wear and tear on wrought-iron machine parts and rails made them expensive in use, and for 
many purposes, especially in machines and construction, wrought iron was insufficiently tenacious and 
elastic. The problem was to make cheap steel. Chemically, steel is an intermediate product, halfway 
between the almost carbon-less wrought iron and high-carbon pig iron. Steel can be made from iron by 
adding carbon to low-carbon wrought iron (carburization); by removing carbon from high-carbon cast 
iron (decarburization); or by mixing high and low carbon scraps of iron together (cofusion). In Europe, 
steel was produced by carburization. The production of blister steel entailed baking the wrought iron by 
heating it in direct contact with charcoal and hammering it for long periods to spread the carbon through 
the metal. The blast furnace offered new opportunities for making steel by refining the high-carbon cast 
iron, or immersing pieces of low-carbon wrought iron in molten cast iron. By the 17th century, Europeans 
had learned that steel could be improved by re-melting and hammering small pieces of it at very high 
temperature, thus spreading the carbon more evenly. The Bessemer converter used the fact that the carbon 
in cast iron can be used as a fuel if air were blown through the molten metal. The interaction of oxygen in 
the air with the steels created intense heat, keeping the iron liquid. The high temperature and turbulence 
of the molten mass ensures an even mixture. The Siemens-Martin open-hearth process was developed 
based on the idea of cofusion, which allowed the use of scrap iron and low-grade fuels, and thus turned 
out to be more profitable than the Bessemer process in the long run. 
22 Nitroglycerine was discovered in 1847, and its instability was solved by Alfred Nobel, who discovered 
in 1866 that upon being mixed with diatomaceous earth nitroglycerine retained its full blasting power, yet 
could be detonated only by using a detonating cap. 
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were not developed until the 1920s. The fine chemicals began to rationalize the hitherto 
chaotic pharmaceuticals after 1870. Disinfectants and antiseptics, particularly phenol 
and bromine, were produced in large quantities after the role of microbes in infection 
was discovered. 

Like chemistry, electricity was a field in which totally new knowledge was applied to 
solve economic problems. The economic potential of electricity had been suspected 
since the beginning of the 19th century. The use of electricity expanded quickly in the 
1870s. By the 1890s, the main technical problems had been solved; electricity had been 
tamed. What followed was a string of micro inventions that increased reliability and 
durability and reduced cost. The lighting capability of electricity was demonstrated as 
early as 1808. Relying on the scientific discoveries, Faraday invented the electric motor 
in 1821 and dynamo in 1831. Yet there was still considerable uncertainty about the 
possibilities of using electricity. Electric motors could not be made to work cheaply; as 
long as batteries remained the source of electric power, its costs were 20 times greater 
than those of steam engine. The first effective use of electricity was the telegraph. The 
first successful submarine cable was laid between Dover and Calais in 1851. Like the 
railroads, the telegraph was a typical 19th-century invention in that it was a combination 
of separate technological inventions that had to be molded together. Long-distance 
telegraph required many subsequent inventions and improvements, which took decades 
to complete. Before the telegraph could become truly functional, the physics of 
transmission of electric impulses had to be understood. Harnessing electricity as a 
means of transmitting and using energy was technically even more difficult.23 The 
electricity expanded quickly in the 1870s. A dynamo that could produce a steady current 
was built in 1860. After several improvements in dynamo, the arc lamp could be made 
practical in 1876, which replaced gaslight in factories, railway stations, and public 
places. Electric hotplates, electric streetcars, and modern light bulb were introduced in 
the 1880s. The poly-phase motor and the transformer solved the technical problems of 
alternating current and made it clearly preferable to direct current, which could over-
come the problem of uneconomical transmission. Herman Helmholz experimented with 
the reproduction of sound, which inspired Graham Bell to work on what became the 
telephone (1876). After supplementary inventions, such as the switchboard (1978) and 
the loading coil (1899), the telephone became one of the most successful inventions. 
The electromagnetic waves were proposed by Maxwell and demonstrated by Hertz in 
1888. Lodge and Marconi combined these results into wireless telegraph in the mid-
1890s. How wireless radio could transmit sound waves was shown in 1906. 

The railroad, steamship, bicycle and automobile all helped made transport cheaper, 
faster, and more reliable. The gains from trade made possible by these innovations 
constitute a link between Schumpeterian and Smithian growth. With improved mobility, 
technology itself traveled easier: the minds of emigrants, machinery sold to distant 
countries, and technical books and journals all embodies the technological information 
carried from country to country. The railroad was not a proper invention: it was in 

                                                           
23 Before electricity could be made to work, an efficient way had to be devised to generate electrical 
power using other sources of energy; devices to transform electricity back into kinetic power, light, or 
heat at the receiving end had to be created; and a way of transmitting current over long distances had to 
be developed. 
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essence a combination of high-pressure engine and with iron rails. For two decades, 
engineers struggled with the unfamiliar problems of high-pressure engines, the delicate 
balancing of heavy engines placed on iron rails, the driving-rod and crank mechanism 
connecting the piston and to the wheels, the mechanics of suspension, the need to make 
stronger and durable rails, and the design of efficient boilers. Once these problems were 
solved, the railway became inexorably one of the most potent forces of the 19th century. 
Two major inventions helped revolutionize steamships in the second third of the 19th 
century: the screw propeller and the marine steam engine. The idea of propeller was 
proposed in 1753; early experimentation succeeded in the early 1830s and was further 
improved in 1838. The compound steam engine was first used in 1854. In the second 
half of the 19th century the construction of ships shifted gradually from wood to iron 
hulls. The first large iron, propeller-driven transatlantic steamships launched in 1858. 
The growing fuel efficiency that came with better marine engines brought about the 
demise of the sailing ship in the 20th century. Bicycle became feasible in 1885. Long 
experimentation was necessary before the best type emerged. The bicycle became a 
means of mass transportation with incalculable effects on urban residential patterns. The 
bicycle prepared the way for the automobile. The internal combustion engine was first 
suggested in the 17th century. During the 19th century, dozens of inventors, realizing 
the advantage of an internal combustion engine over steam tried their hand at the 
problem. In 1885, Gottlieb Daimler and Karl Benz succeeded in building a gasoline-
burning engine. The pneumatic tire, first made for bicycles, soon found application to 
the automobile. In 1897, Rudolf diesel built the first engine that burned heavy liquid 
fuel, and after a decade of further development and improvements, Diesel engine began 
to challenge steam engine everywhere. The Diesel invention is paradigmatic of the 
Second Industrial Revolution. 

From a purely economic point of view, the most important invention was the system of 
manufacturing assembled complex products from mass-produced individual 
components. The system of interchangeable parts was eventually become a vastly 
superior mode of producing goods and services, facilitated by the work of previous 
inventors, especially the makers of accurate machine tools and cheap steel. The use of 
interchangeable parts grew slowly after 1850. The US System was adopted far more 
haltingly and hesitantly than had hitherto been thought. Only after the Civil War did US 
manufacturing gradually adopt mass production methods, followed by Europe. First in 
firearms, then in clocks, pumps, locks, mechanical reapers, typewriters, sewing 
machines, and eventually engines and bicycles, interchangeable parts technology proved 
superior and replaced the skilled artisan working with chisel and file. Its diffusion in 
Europe was down by two factors: its inability to produce distinctive high-quality goods, 
which long kept consumers faithful to skilled artisans, and the resistance of labor, which 
realized that mass production would make its skills obsolete. Of related importance was 
the development of continuous-flow production, in which workers remained stationary 
while the tasks were moved to them. In this way, the employer could control the speed 
at which operations were performed and minimize the time wasted by workers between 
operations. The first documented occurrence of assembly-line production was in a 
biscuit factory in Britain in 1804. Yet it was not until the last third of 19th century that 
continuous-flow processes were adopted on a large scale. Henry Ford’s automobile 
assembly plant combined the concept of interchangeable parts with that of continuous-
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flow processes, and it allowed him to mass-produce a complex product and yet keep the 
price low enough so that it could be sold as a people’s vehicle. 

The new technologies of the 19th century affected food supplies through production, 
distribution, preservation and eventually preparation. In agriculture the adoption of 
husbandry based on fodder crops and stall-fed livestock continued apace, though in 
France and in Eastern Europe progress was slow. The productivity gains in European 
agriculture are hard to imagine without the gradual shifts from natural fertilizers to 
commercially produced chemical fertilizers. The internal combustion engine solved the 
problems in the mechanization of agriculture. Tractors and combines were introduced in 
the early 1910s. The idea of preserving food by cooking followed by vacuum sealing 
was suggested in 1795. Originally glassware was used to store preserved food, and 
using tin-plated can was suggested in 1812. Milk powder was invented in the 1850s. 

In textiles, a major innovation stands out, the sewing machine. The insight embodied in 
sewing machine was the lock stitch, patented in 1846. The sewing machine uses a 
double thread, with the eye of needle far down, forming a stitch by intertwining the two 
threads. The man who deserves the most credit for perfecting the sewing machine is 
Singer, who powered his machine with foot treadle. In the rest of the textile industry, the 
period after 1850 completed what had begun earlier. 

Germany appeared to undergo a take-off in the middle of the 19th century and Italy in 
the late 19th century, and others grew more gradually, including France, the Netherlands, 
Denmark and Sweden. The growth spurts were normally associated with the emergence 
of a narrow range of leading sectors, though not necessarily the same as found in the 
British case; for example, the German leading sectors consisted of coal, iron and 
engineering rather than textiles. The leading sectors could play a dynamic role, through 
their backward and forward linkages, which had to be substantially home grown.24

Technological indicators such as coal or iron output or steam horsepower per head show 
all Continental countries with a long lag behind Britain in the middle of the 19th century. 
It is reasonable to view the initial situation as one of attempted catch-up. British 
technology such as steam engines, spinning mules, blast furnaces, and railways was 
transferred to the Continental countries. Local alternatives were little developed until 
the last quarter of the 19th century.25 As local alternatives were developed, countries 
looked much the same in development terms in the middle of the 19th century could 
look very different half a century later. 26  Technological information (knowledge 

                                                           
24 In Europe, economic unity was long delayed. Industry in the late 18th and early 19th century was 
confined to a small number of circumscribed regions. Modern economic growth in Kuznets’s sense came 
to regions rather than nations. Nation states were just coming into existence. Fragmented political states 
were later to unify into Germany, Switzerland and Italy. At other extreme lay dynastic empires that 
spanned several nationalities, like the Habsburg Empire of Austria-Hungary, the Tsarist rule in Russia, 
and the Turkish Empire. Nationalism intensified from 1870 to 1914, to culminate in the horrors of the 
First World War. The war itself saw governments as becoming decisive in many areas of their economies. 
25 Pollard, S. (1981), Peaceful Conquest: the industrialization of Europe, 1760-1970, Oxford University 
Press: Oxford.  
26 The Scandinavian countries had managed to develop successful industrial learning strategies, under-
pinned by social, educational and similar changes, while countries of South and East Europe had not. In 
some countries, different learning heuristics had begun to emerge well before the last quarter of the 19th 
century. They already experienced some industrial advance before the impact of British Industrial 
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embodied in machinery) accounted for less than the indigenous efforts to develop own 
associated knowledge bases. 

Industrialization was naturally linked to a rising share of manufacturing in national 
income, and labor productivity was higher in secondary industry than in agriculture. 
However, the evidence also suggests the importance of some degree of balance across 
sectors. Though growth was led by industry, many regions learnt to their cost that 
ignoring non-industrial sectors could well threaten their industrial strategies. Income 
distribution seemed to matter considerably. The late industrializing countries in Eastern 
Europe were characterized by extreme income inequalities. 

Trade tended to lag behind growth rather than acting as its engine, since development 
began with a phase of import substitution. With a few exceptions, industrial growth thus 
rested first on home market demand rather than foreign demand. For Germany, and later 
Italy, trade patterns were of the intermediary kind – importing manufactures including 
capital goods from advanced countries like Britain and exporting their own 
manufactures to less advanced countries further east and south. As industrialization 
proceeded, trade increasingly related to technology content. Germany engaged in 
interchange of similar manufactured items (iron and steel) with other advanced 
countries, as it forged ahead in advanced industries. For sustained growth, it was the 
technological opportunities rather than demand opportunities that ultimately counted. 
Without strong domestic efforts to progress, the products of more advanced countries 
could wipe out domestic manufacturers. 

British industrialization was based on cheap and abundant coal and later iron, which 
posed serious problems for many Continental countries with limited or poor-quality 
endowment of fuels and materials. An important element in the departure of Continental 
technological heuristics from those in Britain lay in the quest for finding alternatives to 
materials that were unavailable or very expensive. The whole motive of the German 
organic chemical industry, and of much German innovation, was precisely to overcome 
deficiencies in materials. Waterpower could meet many industrial needs in Switzerland 
and Alsace, which became world leaders in developing waterpower technologies such 
as turbines. However, most important was the development of hydro-electricity towards 
the end of the 19th century, which allowed process-related integration between power 
source and machinery. The industrialization spurts of Sweden, Norway and Italy were 
largely founded on hydro-electricity. Less obvious in its causes, but equally dramatic in 
its effects was the early German and French lead in the internal combustion engine. 

The proto-industrialization argument contends that districts with surplus cheap labor 
were likely to develop rural industries at a very early stage, which could then perhaps 
become nuclei for subsequent industrialization proper. In many cases, such proto-
industrialization in fact failed to lead to modern economic growth, and may even have 
hampered its onset where the technological dynamics were lacking. This seems to have 
been so when wages and demand continued to fall. The emergence of industry proper in 
fact required the inculcation of industrial skills and learning behavior, including 
technological heuristics – not least because high wages may have been greater stimulus 

                                                                                                                                                                          
Revolution, developing heuristics to advance the technologies in sustained fashion and developing 
capabilities at the firm level to exploit those heuristics. 
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to mechanization.27 The industries progressed from handicraft production under proto-
industrialization were initially threatened by machine-produced items imported from 
advanced countries, and squeezed into higher-quality markets. In these niches, the 
successful cases eventually developed or applied machine-based methods, which 
secured their hold at the top end of the market – and often supplying the knowledge 
base for linking forward into advancing industries like engineering and chemicals. The 
progress of mechanization was closely related to quality innovation, whereby machines 
were extended over time to producing finer and fancier items. Such quality innovation 
needed to be linked to progressive technological heuristics and to accommodating 
demand structures. 

For railway construction, there was a single European capital market in the second half 
of the 19th century.28 Railway construction diffused across Europe much faster than did 
the growth of manufacturing industry.29 The international capital market was less 
acquainted with investment in manufacturing industry.30 Here domestic efforts had to 
count for most, and here the pressures of capital shortage were more keenly felt, leading 
eventually to institutional changes. The formal capital market was thus highly 
segmented, and efforts to pool small savings through cooperative credit institutions, 
were widely resorted to. 

There were significant changes over time as to which particular industries acted as 
leading sectors for the impetus to industrialization. Early industrializing countries 
borrowed the British model most closely in relying upon textiles to underpin the take-
off, especially in Switzerland and France. Germany a little later placed heavier 
dependence upon mining and metallurgical industries, but later in the 19th century also 
began to develop rapidly in chemicals. Chemicals, motor vehicles and electricity formed 
the core of a group often known as the new industries.31

                                                           
27 This appears to explain why cotton spinning in Russia, which shifted to low-wage areas later in the 
19th century, failed to impart a dynamic stimulus to industrialization, despite fairly rapid output growth. 
But, as the examples of the Netherlands shows, high wages were no guarantee of dynamic success either. 
28 The powerful association between the rise of the stock market in Britain and the coming of the railways 
spread to the rest of Europe – these were fields for investment in which the financial world was well 
versed, and able to extend its expertise. There was in fact a single European market for capital for railway 
building in the second half of the 19th century. The development of oil late in the century was even more 
dominated by foreign capital. The supply of capital was not particularly deficient. Moreover, nominal 
interest rates fell to extremely low levels in the latter part of the 19th century. 
29 Generally a pattern therefore emerges of railway construction behind other industrialization in Britain 
and northwest Europe, contemporaneous with industrialization in central Europe, and well ahead of 
industrialization in south and east Europe. The railway was seen throughout Europe as the harbinger of 
economic development. Transportation in pre-industrial Europe was often inordinately slow. Access to 
water was normally the key to expanding trade internally or externally. Governments and private 
speculators spent much on improving waterways and digging canals. But costs of construction were 
everywhere fairly high and the coverage remained restricted for obvious topographical reasons. 
30 Capital requirements were rising. When Britain was industrializing in the late 18th century, the capital 
required per worker was equivalent to about 4-5 months’ wages, in the heyday of French industrialization 
around the middle of the 19th century this had risen to some 6-8 months’ wages. When the late 
industrializing countries like Hungary advanced at the end of the 19th century, the ratio had climbed to 
some 3.5 years. 
31 There has been considerable debate over the definition and contribution of these new industries that 
were introduced late in the 19th century. The problems arise partly because there is no explicit agreement 
about whether they should be approached primarily from the demand side or alternatively from the supply 
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Most countries sought to industrialize first through cotton. Machine methods for 
spinning flax were invented in France but taken up on a commercial scale in Britain. 
British machinery and skills in cotton spinning were so powerful by the standard of time 
that there was little chance of competing vigorously in this branch.32 Consequently, it 
was in the weaving and finishing branches that the market opportunities were greater. In 
more successful cases, the industry was sustained by persistent technical ingenuity. 
Switzerland used the learning base developed in cotton textile weaving and finishing 
(where they are still world leaders) and on the other side into dyestuffs and subsequently 
fine chemicals. The German cotton industry declined earlier than the Swiss, but also 
shifted in similar directions. The continued dependence of smaller countries on British 
machinery restricted their indigenous development of the industry. Thus the leading 
sector concept has to be extended to include, and perhaps concentrate on leading 
technologies, with forward linkages in processes as well as products. 

Metal industries had somewhat lagged behind textiles in the UK in terms of contribution 
to GNP, but were more important for some of the Continental countries. Nevertheless, 
their growth was restrained by problems imitating the British-invented technologies, 
until new resource bases were found and new technologies to exploit local resources 
were developed.33 The dynamic element was, however, moving on to steel from the 
mid-19th century. Steel was important in terms of forward technological linkages to 
shipbuilding, and of forward product linkages to electricity and construction.34 It was 
the Gilchrist-Thomas process of 1878/79 allowing the use of phosphoric ores that really 
permitted rapid expansion.35 The counterpart was the utilization of excellent coking coal 

                                                                                                                                                                          
side. The demand standpoints include emphases on new products and qualities, new demand structures 
(such as mass markets), and new regional and trade patterns; while the supply aspects include emphases 
upon new technologies, new science, new forms of organization and management, new forms of 
competition, etc. Such changes in leading sectors had direct implications for the growth bases of both new 
entrants into the industrialization stakes and their predecessors. New entrants could achieve take-off rates 
of surge through ‘leapfrogging’ fairly directly into the new activities – for example the growth rate of new 
industries like electricity, chemicals, light engineering and iron and steel in Italy between 1896 and 1908 
was the highest of any country for which we have data, although growth in some older industries like 
cotton (but using new processes) was also rapid in the same period. For countries still undergoing their 
main push into industry, growth would have to depend on sustaining growth in previous-generation 
activities, simply because the newest industries were not yet large enough in terms of output to have a 
marked impact on overall growth – this was true for Germany up to 1914. 
32 In woolens and silks, the cost advantages of mechanization were much less overwhelming than in 
cotton, especially in countries where labor was comparatively cheap, which gave the catching-up 
countries greater leeway to survive mechanized competition from Britain, but also fewer opportunities to 
increase productivity from eventual mechanization. Many of these traditional textile industries, however, 
faced problems in regard to organization and markets as well as technology. 
33 The smelting of iron by coke, first successfully achieved in England in 1709, proved awkward to use 
with local materials in Belgium from the 1830s. The high cost of coal relative to wood (charcoal) also 
delayed coke-smelting in Continental Europe, so charcoal-smelting played a larger role until the Second 
half of the 19th century, producing more expensive but higher quality pig iron, which better suited their 
markets. 
34 On the other hand, demand from older activities like railways slowed down (e.g. in France), not only 
because railway growth was slowing, but also because steel rails lasted much stronger than iron. 
35 Moving on to steel began with the Lohage-Bremme process for puddled steel in 1849. The Bessemer 
converter of 1856 – developed by C.W. Siemens in Britain and the Martin brothers in France, 
commercialized in 1864 – was very inflexible in terms of the ores with which it could be used, so the 
Continental industry continued to lag behind the British. The open-hearth furnace (producing higher 
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from the newly developed Ruhr district in western Germany. The electric arc furnace 
developed by Wilhelm Siemens in 1878 proved especially successful in regions where 
hydro-electricity could be supplied cheaply, such as Sweden and the French Alps. 

In the large industrializing countries, the composition of mechanical engineering 
naturally followed the growth industries, by way of being upstream equipment suppliers. 
However, its own processes owed little to its predecessors in Britain. British tools and 
traditions were little used, though US machine tools became very important after the 
middle 19th century. The Germans themselves came to dominate European machine 
tool manufacture in highly skilled branches, especially the newer lighter tools. Smaller 
but still successful countries like Sweden found niches, often based on local innovations, 
requiring world markets to overcome the limitations of small domestic demand. 
Likewise, the Swiss engineering industry developed a strong tradition of high-quality 
production and constant innovation. While Continental mechanization often advanced 
initially through learning-by-using in industries like textiles, it drifted more and more 
into an emphasis on learning-by-doing in the mechanical engineering industry itself. 
The focus on machine and engine making was crucial to the story of Continental 
industrialization. The role of users shifted towards integrating this machinery with other 
new input technologies like electrical and chemical technologies. 

Britain continued to act as one of the leaders in the scientific base. But there were also 
important scientific advances on the Continent, and the Continentals showed greater 
persistence in the commercialization and adoption of electrically based discoveries, 
through innovative firms. Some of these firms led in diffusing electrical technology to 
other parts of Europe and the rest of the world. The advent of cheap hydro-electricity in 
later industrializing countries formed the basis for the advance of electro-chemical and 
electro-metallurgical industries. 

Original technical breakthroughs in the internal combustion engine were made in France 
and Germany. The main factor was the development of mechanical engineering. Early 
engines ran very slowly for practical use – the key advance for commercialization was 
Daimler’s high-speed engine of 1886. Despite the head start that Germany achieved in 
the technology of the engine, it was in fact the French automobile industry that grew 
most rapidly in Europe up to 1914. The typical French inventor-entrepreneur suited the 
early style of industry, often using German licenses and US machine tools. Early motor 
vehicle manufacturers came from a background in building bicycles. The automobile 
industry was originally an assembly activity producing one-off customized cars, and 
was widely dispersed. Increasingly it standardized models in product cycle fashion, but 
the location of component suppliers came to dictate the location of major producers.36

Germany led the most interesting developments in the rise of the organic chemicals and 
synthetics industries, and had an effective monopoly from the 1880s up to the First 
World War. Development in Germany to its leadership status came primarily to R&D in 
the laboratories of private firms. Strengths in synthetic dyes allowed Germany to move 
into medical drugs, photographic materials, artificial fibers, early plastics and new 

                                                                                                                                                                          
quality steel) was much more adaptable, since it allowed the use of scrap iron and also low-grade fuels. 
36 Industrial districts of the Marshall kind, based on vertical (user-producer) linkages, had developed 
around Paris, Turin, Stuttgart and several other cities by 1914.  
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explosives. The older heavy chemicals branch continued to dominate later in the 19th 
century in earlier industrializing countries (e.g. Belgium and France), developing new 
process technologies. Later industrializing Germany was able to leapfrog more directly 
into these newer methods. The constantly expanding importance of chemicals as inputs 
to user industries allowed them to play greater roles in industrial activity at large. The 
high R&D intensity had led to the supposition that the chemicals industry can be 
described as an example of technology-push, but on closer scrutiny it appears that all 
the breakthroughs were specifically targeted at known markets. 

Various food-processing industries were of key significance in Denmark (brewing), 
Switzerland (condensed milk, dehydrated soups), the Netherlands (margarine, cocoa 
powder), and later in Central and Eastern Europe. Food processing relied extensively on 
improved technologies in agriculture, and these in turn were increasingly processes 
spun off from other industries. Artificial fertilizers like super-phosphates came from the 
chemical industry, also ‘basic slag’ as a waste product of the Gilchrist-Thomas steel 
process. High-tech agriculture also became more mechanized, using the products of 
local engineering and imported US machinery. 

Supply constraints from inadequate (limited or poor-quality) endowments of fuels and 
materials could delay industrialization, but it has been shown that such problems could 
be overcome by new technologies to exploit them better, or by developing substitutes 
such as synthetics. The technological solutions weaned manufacturing in Continental 
Europe, especially Germany, away from the British model and its techno-economic 
paradigm focused on machinery adoption and learning-by-using. 

The high cost of capital and capital goods in most European countries in earlier years 
and the high cost of materials such as iron deterred investment in mechanization. But 
the delay to first adoption was usually quite short. The delay to sustained local interest 
in the adopting region could be considerable and another delay typically occurred 
before the technology was locally assimilated. 

There is little evidence that lack of information hindered the catching-up process on the 
Continent. The issue was instead one of developing an appropriate knowledge base, 
which often had to differ from that in Britain because of local conditions. Continental 
industrialists had spent long periods in Britain discovering technologies and production 
processes. A considerable number of British innovators and workmen also flowed to 
Europe: they brought more knowledge than information. There were laws trying to 
prevent the emigration of artisans and machinery but they were regarded as ineffectual.  
What had been lacking was the tacit knowledge required to operate familiar processes 
and equipment in unfamiliar surroundings – that is, the British innovators and skilled 
workmen were not necessarily aware of all the reasons why they had been successful in 
their home country. Copying alone was insufficient – success was more likely to accrue 
when the imitation was adjusted to local environments. Still more important as time 
went on was to initiate a distinctive pattern of indigenous technological development.37

An important aspect of those internal efforts was the local development of machines to 
                                                           
37 The rapid advance of the Scandinavian countries later in the 19th century can be put down to such 
internal efforts. Conversely, the stagnation of the Dutch economy can be put down to the failure to 
develop a sustained technological style. 
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make machines based on mechanical engineering and later electrical engineering, which 
owed little to British examples. Continental countries became major innovators – 
especially Germany steadily replaced Britain as the model for later developers to copy. 
Constructing and operating machinery called for skills in the workforce as well as of 
innovators. The role of industrial districts was not only in generating knowledge among 
its residents but also in attracting potentially able industrialists and workers from other 
parts. Although machinery has often been seen as having substituted for skilled labor, its 
growing complexity in fact called for new kinds of skills. France had an early lead in 
applicable science, but lagged in technology.38 Germany may have lagged behind 
Britain and France in scientific theory until the early 20th century, but from early days it 
forged ahead in the organization of science, e.g. in laboratories. Particular stress had 
been laid on the dissemination of technical training below the research level in the 
Technishe Hochschulen (polytechnics) and Gewerbeschulen (mechanics institutes), set 
up by state and provincial government initiatives through the 19th century. Many of 
their professors came from large firms, and in reverse some of their researchers set up 
innovative companies for technologies, like Linde and Diesel.39

Technical training for businessmen had been increasing in Germany since the 1840s, 
with engineers replacing managers especially around 1890, and with a large proportion 
of managers in any case having degrees in technical subjects. Industrial research 
laboratories were being founded from the 1850s, often closely linked to academia, and 
with leaders who often went on to head large firms. In chemicals, the French led in 
appointing individual scientists to positions in companies, whence their early success. 
But the Germans led in setting up research teams and dividing up problems for 
teamwork, and instituting a division of labor in R&D.40 Because of this scope of 
industrial research, as well as its scale, in-house R&D was thus likely to be located in 
large firms. Moreover, the growing complexity of industrial technologies through time 
added to the concentration of large firms. While this led to a certain amount of 
bureaucratization, it also helped fund a long-term commitment to specific projects. 
What has perhaps been less sufficiently stressed in the extensive literature on this 
subject is that German firms, growing up in an atmosphere of catching up, also drew 
freely on overseas advances. Advances elsewhere were not seen as a substitute for in-
house development but as a complement. Incorporation into large firms also permitted 
                                                           
38 By comparison with France’s elitist educational system, headed by the École Polytechnique (1794/95), 
those of Germany and Sweden spanned the full range of requirements, with early moves to compulsory 
primary education, a more practical curriculum in secondary schools as in the Real schools, and the 
provision of abundant universities for pure science or tertiary education for applied science. These were 
backed towards the end of the 19th century by formal vocational education within some of the large firms. 
39 German engineers, however, long felt that they lacked the social status accorded to engineers in 
England or France. Educational patterns were reflected in innovational patterns (the relationship no doubt 
being two-way): ‘France affords the chief instance of a leadership based mainly on individual skill; and 
Germany of a leadership based mainly on trained ability and high organization. Such differences emerged 
in the contrasting successes in newer industries – the French performing better in the automobile industry 
in its earlier years (dominated by independent inventor-entrepreneurs), the German better in electrical 
engineering and especially organic chemicals. 
40 Marshall pointed out that the scientific work might be more pedestrian than in universities but 
teamwork was vital especially in fields that straddled scientific borderlines. This helped companies to 
move quickly into new areas, like the shift from synthetic dyes to pharmaceuticals etc. by the German and 
Swiss organic chemicals industries. 
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rapid commercialization, as seen in the new drugs marketed by the bigger 
pharmaceutical companies, such as aspirin by Bayer in 1897. Industries less permeated 
by formal R&D laboratories relied even more on strengths other than technology: the 
heavy chemical industry was the triumph of the engineer and the salesman rather than 
of the chemist. 

Capitalism was less individualist in most of Continental Europe than in Britain or the 
US. Chandler describes the whole ethos of German industry as one of cooperative 
capitalism.41 This can be demonstrated internally within firms, in the evolution of 
paternalist workplace relations, and externally between firms, in the rise of inter-firm 
agreements such as cartels. Tendencies towards deskilling of the labor force were less 
pronounced than in the UK or the US. Mechanization in general proceeded less rapidly 
on the Continent and production continued to be skill-intensive. There was at the same 
time rising emphasis on universal education, which came originally from desires for 
political or social control but increasingly became respected for its role in extending 
attitudes favorable to learning and vocational commitment. 

The concern with technology and engineering Germany, Switzerland, France, and later 
Sweden, tended to give pride of place to quality rather than quantity in the organization 
of production, at least by comparison with the British and the US manufacturing. The 
adoption of flow production connecting separate machine operations was somewhat 
tardy. Thus throughput rates tended to be slower than in the rival industrial countries, 
with a concentration in low-volume, high-value-added niches. The factory was by no 
means the only route to industrial progress. Small workshops and quasi-domestic 
systems continued to predominate in many regions, and were able to provide some 
dynamism through adopting small-scale technology like the sewing machine. Large 
firms and small firms were often complements rather than substitutes, networked to 
undertake the variety of processes involved in producing consumer goods. 

In the earlier part of the period, heroic entrepreneurs dominated, and some of them were 
likely to set up family dynasties to develop their corporate entities. The successful 
family dynasties proved highly adaptable in the products they produced. The period 
later saw the rise of professional management in the bureaucratized firms, taking over 
from the owner-entrepreneurs. Senior management in Germany continued to be 
dominated by technical and engineering traditions. Reinvestment of profits and long-
term technological advance continued to be given high priority. Obsession with 
technological standards was associated with taking long-term perspectives on 
investment and innovational decisions. 

The diversified but rather inward-looking groups in France and companies in Germany 
were based on legal formats that differed somewhat from the Anglo-American 
archetypes. The Code of Commerce in France in 1808 provided legal protection for 
small and medium firms as well as large firms. Even the joint-stock forms allowed 
fairly tight internal control and little shift of decision-making to shareholders outside 
their executive boards or groups. 

The characteristically unspecialized firms in Germany in the first half of the 19th 
                                                           
41 Chandler, A.D. Jr. (1990), Scale and Scope: the dynamics of Industrial capitalism, Belknap press, 
Cambridge MA and London. 
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century faced only moderate-sized markets. Some grew later into diversified larger 
enterprises, with the vertical integration being based on the product rather than the 
process. Much of the integration developed backwards up the market supply chain. By 
1913, the typical European steelworks was a large integrated plant, conducting all 
operations from the blast furnace to manufacturing bars etc. In this manner external 
economies from by-products were internalized for use at another stage, and fuel saved 
from dispensing with re-heating. Chemical companies also tended to develop as large 
inter-linked blocs. An alternative to vertical integration was the formation of cartels, 
usually developed through horizontal links across firms. 

Cartels began usually as arrangements to fix prices among firms, especially during the 
price declines of the Great Depression (1873-95). Later, as these seemed threatened by 
continuing over-supply of markets through inflated prices, they turned to fixing outputs 
of firms by quotas, but these also encouraged over-supply (to pre-empt larger quotas).42 
Cartels were less necessary in industries that could appropriate markets in other ways – 
e.g. in the case of organic chemicals through patent rights. However, the costs of the 
R&D programs responsible for those patents led them to pool patent rights and profits 
after 1904, with some market sharing to follow. Eventually the German ‘Big Three’ of 
Hoechst, BASF and Bayer, plus several others, were to merge into the giant I.G. Farben 
in 1925, which was broken up for war crimes after the Second World War. Cartels also 
developed internationally across Europe, e.g. in electrical engineering. Such cartels 
often arose to counteract dumping, as in the first international rail cartel (between 
Britain, Belgium and Germany) in 1884. An alternative was for companies to set up 
branch plants abroad, often to get behind tariff barriers, or to protect patent rights. These 
were particularly common in the newer industries such as electrical products (2/3 of 
Siemens’s workforce were employed outside Germany as early as 1872), and were 
spurred on by the ‘invasion’ of US MNCs in such fields in the 1890s (Westinghouse, 
Thompson-Houston, International Western Electric, International Harvester, etc.). 
Alliances across national boundaries between companies in similar fields were also 
strong in these fields. Yet another alternative was for newer countries to enter joint 
ventures with more experienced partners. 

The trend toward a more scientific approach to technology continued in the 20th century, 
and many developments would not have been possible without the advances in 
mathematics, physics, chemistry, and biology that occurred after 1870. In spite of the 
immense progress, the 19th century was an age in which technology was believed to be 
constrained and ultimately incapable of lifting mankind out of poverty. The sources of 
pessimism were varied. Most economists believed with Ricardo that the standard of 
living would eventually be set by the minimum of subsistence, or some other ceiling 
governed by demographic factors. As late as 1890, Alfred Marshall’s Principles of 
Economics epitomized economics as the study of small, continuous changes rather than 
abrupt breakthroughs. Despite a century and half of innovations, Marshall still believed 
with Leibniz that nature does not make leaps. Economists were not alone in this. 
Physicists have discovered the laws of thermodynamics, and with them the limitations 
                                                           
42 As prices recovered around the turn of the century, many of the cartels developed joint marketing and 
distribution systems. The number of known cartels in Germany rose from just four in 1875 to 205 by 
1896 and about 1500 by 1925 – in 1907 their members accounted for about one-quarter of total industrial 
output and by 1938 one half. 
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on energy generation. The 20th century has understood that technology is limitless and 
can advance in leaps and bounds, and that only society’s proclivity to destroy the 
conditions for its growth limits progress. Twenty years after Marshall, Schumpeter 
wrote about ‘spontaneous and discontinuous changes,’ while a new physics, in which 
critical masses and quantum leaps occupied a central position, was emerging. 

3.4 Industrialization in the United States, 1870-1930 
US industrial supremacy did not result from a particular technological edge, and became 
most evident in organizational and marketing factors.43 The US led the development of 
new technology systems: standardization was the key to US industrialization. Whereas 
many British items were customized for wealthy purchasers, US demand concentrated 
on cheaper, more standardized items for extensive markets, which made it relatively 
straightforward to move towards mass production. 

The US economy grew faster in output terms more because of rapid growth in inputs 
than because of productivity growth and technical progress.44 The labor force grew 
rapidly, primarily due to the massive inflow of immigrants from Europe (initially from 
Northwest Europe such as Ireland and Germany and towards the end of the century 
from South and East Europe). The growth of capital was even more rapid after the 
ending of the Civil War.45 The US population was already somewhat wealthier than 
Britain’s since the middle of the 19th century. In the US, the upper-class tier of Britain 
was almost absent, and played no significant part in determining demand patterns until 
the rise of a new industrial/financial elite at the end of the century. A large number of 
rural households, who owned modest amounts of land and was relatively prosperous by 
European standards, dominated the demand structure. They had a strong preference for 
moderately priced household furnishings, durable goods and equipment.46

Technologies imported from Europe had to be adapted to the different context of supply 
conditions in the US. Out of this adaptation arose a pattern of production processes 

                                                           
43 The Third Kondratiev wave was led in technological terms successively by steel, heavy engineering, 
and, later, electricity and chemicals. By and large, the US did not initiate the major new technologies of 
the Third Kondratiev wave. The major technological breakthroughs in steel were made in Britain, and the 
major technological breakthroughs in chemicals and the internal combustion engine in Germany, with 
much of the underlying science also developed in these two countries. The same could be said for 
electricity and electronics. 
44 Exactly when the US can be said to have overtaken the Great Britain as the world’s leading industrial 
power is contentious, partly because the macroeconomic growth and productivity statistics themselves are 
open to dispute. Recent estimates of total factor productivity (TFP) levels suggest that the US was only a 
little below the UK as early as 1880 and not far ahead sixty years later, with the actual overtaking 
occurring in the early years of the 20th century. 
45 Over 40 million immigrants flooded into the US from Europe between 1815 and 1914 (around 60 
million). According to Kuznets’s data, gross capital formation in the last three decades of the 19th century 
ran over at 30% of GNP. The capital/labor ratio almost doubled between 1870 and 1900. Capital stock 
was shifting in its composition away from construction expenditures and towards producer equipment 
such as machinery. 
46 A limited number of plantation owners disappeared with the Civil War. Employment in the primary 
sector was not overtaken by secondary industry until early in the 20th century. Rural households preferred 
such items as cooking equipment, stoves, sewing machines (with which clothing for women and children 
were manufactured in the home), cabinet furniture, carpets, and a wide range of coarse textile fabrics, 
clocks and watches, china, glassware, etc. 



58                                     Long-Run Economic Growth and Technological Progress 
 

substantially different from those employed in industrializing Europe. The paradigms 
for technological innovation in manufacturing were substantially the same as in Britain, 
but the precise trajectories for technical advance were rather different. US technologies 
were more capital-intensive, based on the rapid growth of capital. They were reinvented 
through improving upon what is now called reverse engineering. 

The US techno-economic system in the 19th century was dominated by the availability 
of abundant supplies of land. In agriculture, the technology evolved so as to allow the 
rather limited labor supplies to work more land. The US thus effectively led the world 
from the 1830s in the mechanization of agriculture, through reaping machines, etc. 
Cheap land and materials resulted in US economic strength and powerfully influenced 
US export patterns. Agricultural goods were relatively cheap, and a considerable portion 
of early mass production was devoted to food processing, such as the meat packing 
industry in the Chicago area. The issue of what determined the observed bias towards 
labor saving innovation in the US manufacturing remains inconclusive. One possible 
explanation is that technological opportunities were greater at this time at the labor 
saving end of the technological spectrum. Thus the paradigm of machinery and 
mechanization made it easier to come up with a labor saving rather than a capital saving 
advance. 

The US lagged behind Britain in the introduction of modern technologies, and long 
persisted with techniques such as waterpower or charcoal smelting.47 However, the US 
led in terms of reorganizing technological systems. Electricity was not just a new 
technology but also a new technological system, and ultimately it led to a new techno-
organizational paradigm. Electrification helped solve size problems associated with 
large firms in heavy industries. Electricity generation was subject to considerable 
economies of scale and could thus be centralized, so long as it could be networked to 
users sufficiently cheaply.48 The greatest potential benefit of electricity was not its 
cheapness but its ability to supply ‘fractionalized’ power – power available at the flick 
of a switch exactly where it was needed. But to do this, the organizational paradigm had 
to move away from the 19th-century notion of one large steam engine supplying the 
whole factory. The elaborate shafting and belting used to channel power from the engine 
to the many machines on different floors was replaced first by ‘group drive’ from a 
number of electric motors (separate for each floor or different machine clusters) and 
later by ‘unit drive’, with each machine redesigned to have its own electric motor. 

Formal R&D was first developed in the US, as the advancing sectors such as metallurgy, 
                                                           
47 In 1900, electricity was supplying only 4% of the power used in manufacturing, whereas by the early 
1920s it was supplying over half. 
48 Electricity was widely in use for communications by the 1870s, and had been commercialized for 
lighting following the work of Edison and Westinghouse by the end of 1870s. The scale economies in 
electricity generation were contingent on technological advances, especially the adoption of the steam 
turbine, invented by the Englishman Parsons and licensed for production in the US by Westinghouse for 
use in large generating plants. Cheap networking, however, required agreement on standards, especially in 
the battle between direct current (DC) as favored by Edison and alternating (AC) as used by 
Westinghouse. Edison capitulated from the 1880s and his company was reorganized to emerge as General 
Electric in 1892. According to David (1992), the main factors behind the retreat of Edison were 
technological, particularly the invention of the poly-phase AC motor and the associated ‘rotary converter’, 
which allowed DC generator to supply high voltage AC transmission lines and thus acted as gateway 
between the rival standards. 
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food processing, and construction required better information about the quality of inputs. 
Laboratories were involved in largely routine tasks, e.g. grading and testing materials, 
assaying minerals, controlling quality, and writing specifications. The American Society 
for Testing Materials was founded in 1902, and acted to set standards and help codify 
the hitherto tacit knowledge concerning properties of metals. But the emphasis in all 
activities in the 19th century continued to be on old science, especially the properties of 
substances, rather than on the newer predictive forms of science usually associated with 
the Scientific Revolution. 

The orientation towards mechanization involved the solution of problems that required 
mechanical skill, ingenuity and versatility, but not recourse to scientific knowledge or 
elaborate experimental methods. Even in new products like steel, the level of scientific 
knowledge long remained low, and development continued to take place primarily 
through trial and error in production. The rise of large firms around the turn of the 
century was associated with the establishment of new R&D laboratories. There was 
greater use of experimental science, and the nature of the science base shifted from a 
concentration on chemistry-based research towards more physics-based (electricity, 
transportation, instruments, etc.).49 The larger firms found it increasingly important to 
carry out R&D in-house. In-house research could better combine the heterogeneous 
inputs necessary for commercially successful innovation, use and increase the stock of 
firm-specific knowledge learned from marketing and production personnel, and exploit 
the close link between manufacturing and the acquisition of certain forms of technical 
knowledge. For most US companies in the early 20th century, even in industries such as 
chemicals, the main emphasis was laid on product development rather than product 
innovation. The purpose of research units of product divisions was to maintain plants at 
close to minimum efficient scale by developing new products that used the same 
production processes. For this it was not necessary to have a central R&D laboratory, as 
the facilities could be provided in separate product divisions.50  

Interchangeable parts developed quite slowly. Nor did it guarantee commercial success. 
Unless the gains to consumers were substantial, interchangeability did not come 
automatically.51 Ultimately, interchangeable parts could lead in two directions: 1) to the 
assembly line and continuous processing, as introduced in automobiles by Ford after 
1909; and 2) to using the large amounts of fixed equipment much more flexibly, by re-
programming its precision operations when required to produce different products.52 

                                                           
49 Some companies specialized in conducting contract research for a wide variety of customers and these 
provided some access to R&D for SMEs that would otherwise have found their own R&D too expensive. 
But increasingly this contract research was limited to the more routine functions such as testing materials. 
50 The really routine operations were delegated to the contract research companies, while the large 
manufacturing firms themselves were required to put a much wider range of scientific disciplines together 
in new combinations that uniquely benefited their own production systems and products. In these early 
R&D laboratories, there was continuing tension among their scientists between conducting pure science 
and the patenting needs of the companies that employed them. 
51 The products of interchangeability became household brand names – McCormick reapers, Colt 
revolvers, Yale locks, Singer sewing machines, Remington typewriters, etc. 
52 On the assembly lines (huge, dedicated production lines), the components flowed successively to each 
worker who stayed in the same place, thus minimizing the static loss which Smith had described from 
workers having to move between jobs, and maximizing throughput and scale – the Fordist Paradigm of 
organization involving close managerial control. Throughput also rises rapidly from the latter strategy, but 
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Dispensing with one-off designs through standardization, including the replacement of 
the British consulting engineer with engineer’s routines, imply a shift from product 
concerns to process concerns. Dynamic advantages of further developing the machines 
and tools created the machine tool industry, allowing the replacement of handicrafts 
work through specialization. These machines in turn helped bring about a dramatic 
increase in speeds of throughput. 

Machine tools were originally developed in the user industries, but then the machine-
making industry began to split off from the machine-using sectors, and in due course the 
machine-tool industry split from the machine makers.53 This vertical disintegration was 
in relation to processes. Alongside vertical disintegration of processes went a roughly 
synchronous trend towards technological convergence. Once the basic design break-
throughs had been made, the same principles could be applied across the board. The 
progression consisted of solving problems in technically advanced and technically 
demanding industries, then rapidly diffusing the principles to other industries that 
utilized the same types of machine tools.54 Technological learning thus appeared to be 
maximized by vertical disintegration of processes, and building on the dynamics of 
specialization. 

In regard to products, however, there were pressures in the late 19th-century US towards 
greater degrees of vertical integration along the value chain from raw materials to 
finished products. The objective of integration was to exercise control. The static scale 
economies decided which stage possessed the greatest economic power and would 
therefore be the proactive element in any integration. The intention was less one of 
reaping similar scale economies at the other stages than to control quality of inputs or 
products and to control their rate of flow. Vertical integration occurred most frequently 
in a range of minerals industries for security of input supplies. The most powerful firms 
sought to control raw materials by direct ownership – at first within the country, and 
later through overseas acquisitions of semi-colonialist kinds. These operations mainly 
affected industries in which there was some restriction (inelasticity) on the supply of 
inputs. 

Horizontal integration was undertaken partly to reap internal economies of scale on the 
supply side, but more often perhaps for trying to gain control over markets on the 

                                                                                                                                                                          
it is directed more at scope than scale, i.e. at permitting a wider variety of products to be produced 
continuously. This is the basis of the Japanese system of manufacture. 
53 This distinct machine-tool industry dates from around the middle of the 19th century. 
54 Across the whole range of industrial activities, the problems that machine tools were called on to tackle 
were similar – transmission, control, friction and heat resistance being among the most significant. The 
number of particular processes that the tools carried out, was then equally limited – turning, drilling, 
planning, grinding, etc. (about seven in all) – irrespective of the industry concerned. Downstream, 
industries took it in turn to act as the carrier of technical progress. In the mid-19th century the firearms 
industry was the breeding ground for the early advances, whence they were to be spun off elsewhere. 
Sewing machine manufacture, having borrowed the milling machines and turret lathes from gun making, 
them became a key carrier industry. Towards the end of the 19th century, bicycles took up the leading role, 
but were soon eclipsed by the automobile industry. Technological convergence of similar kinds could also 
take place in the downstream industries themselves, for example the sewing machine was applied not 
only to producing ready-made clothing, but to tents and sail-making, boot and shoe production, rubber 
and elastic goods, bookbinding, etc. The range of modernizing industries was steadily broadening. 
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demand side.55 It was extension of the market that normally came first, with the rise of 
mass distribution through the spread of transportation and communication networks.56 
In many activities, the process began from the marketing end of the companies and then 
worked backwards, often enhanced by combining the horizontal integration with a 
greater measure of vertical integration. Such a combination of vertical and horizontal 
integration was bred of a desire to internalize monopoly profits. The quest for market 
control turned into the rise of Big Business. Merchants and local general stores were 
replaced by mass marketers, including large-scale wholesalers and later mass retailers –
department stores, chain stores, etc. 

Mass production placed much greater demands on technology than did mass distribution 
(for innovation in materials, power sources, machinery, etc.). The economies of scale 
related not so much to sheer size as to speed (intensity of use of processes). To achieve 
such throughput, mechanization did not mean just applying machinery to particular 
processes but technical and organizational integration and synchronization throughout 
the factory. Systemic coordination between the machines was internalized within the 
plant, through the coupling of technological changes by appropriate organizational 
innovations.57 Mass production came first in industries that processed liquids or semi-
liquids. The scientific knowledge was more advanced, and thus the technology was also 
advanced. The flow of materials was much more self-evident so that less reorganization 
had to be undertaken to augment the throughput. Of the industries that eventually 
moved to mass production in this era, the metal working industries came last. Their 
processes were least fluent between one stage and the next. Thus the organizational 
readjustments lead to be more radical, and the outcomes were most spectacular. 

US firms led managerial reorganizations of big business, from departmental systems to 
divisional systems.58 Whereas the departmental structures were subdivided according to 
function, the divisional structures were divided by products and/or by regions. Sitting 
over all the division managers was a powerful central office, responsible for the major 
strategic operations of the enterprise. Railroad companies first developed the ‘line and 
                                                           
55 Marshall argued that most technical scale economies at the time could be reaped by medium-sized 
businesses, and that the driving force in the increases observed came instead from the side of marketing. 
Scale economies in production seem not to explain the great merger movement at the end of the 19th 
century, because the period of rapid factory growth had come about two decades earlier. 
56 But generally there was no dramatic change of managerial control and were often slow to develop 
modern accountancy, sales forecasting, etc. According to Chandler (1990), the major benefit from mass 
distribution alone was in speed rather than in size – in this case, expressed in high volumes of ‘stock-turn’. 
Retailers and other distributors facing rapidly changing demands were often found to be leading the 
strategies of labor-intensive manufacturing industries (like clothing), where smaller firm sizes continued. 
In distribution, transaction costs were therefore reduced for both buyers and sellers through such 
organizational innovations. Mass distribution met the needs of customers for diversity of products. 
57 This reorganization of capital process had its counterpart in labor process in displacing worker skills 
through the kinds of processing methods utilized and through the concerted attack on craft unionism. 
Work became machine-paced, sometimes to the point of dehumanization. Learning and control of 
production were concentrated in the upper to lower managerial strata, largely to the exclusion of the 
workforce. 
58 Chandler (1990) defines the big business as the integration of mass production with mass distribution in 
a single business firm. The economies of speed were maximized, combining high volume throughput with 
high stock-turn, and in this way generating a plentiful cash flow. To run such enterprises required 
substantial management and corporate bureaucracies. Chandler describes these as the visible hand, 
contrasting with Smith’s invisible hand based on competitive small firms 
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staff’ system in the mid-19th century, and manufacturing industry developed similar 
structures about two decades later.59 Up to 1860, the US was characterized by single-
function firms. Two decades later, the process of geographical expansion had created 
multi-plant firms, but still carrying out one main function. In the later years of the 19th 
century, there appeared an increasing number of enterprises that performed several 
functions as important parts of their operations, e.g. manufacturers that developed 
marketing, or transportation, or sourcing of materials. These are mostly single-product 
firms. It was only in the 20th century that multi-product firms became especially 
common, most notably in the new industries. Under oligopolistic competition, rival 
producers had to persuade consumers that their products were different.60 This helped to 
shift the emphasis of producers from obsession with the organization of production to 
the organization of products and selling. The most obvious indicator in retailing was the 
growing sophistication of advertising and marketing, especially in cultivating brand 
names. By the early 20th century, the US led the world as much in marketing as in 
management. US manufacturers were launched on to world markets in the late 19th 
century. But the new capital-intensive technologies did not by themselves guarantee 
lower total costs than foreign rivals. Where the US forged far ahead was in the products 
of newer industries, especially those derived from mass production for its homogeneous 
domestic markets. 

Engineering education hardly existed in the US before the Civil War. Many schools 
offered vocational education, but the systematic training of professional engineers was 
nearly unknown until the latter part of the century. The needs of the railroad, the 
telegraph and later an expanding succession of new products and industries, brought a 
multiplication in the demand for engineers with specific skills.61 A primary activity of 
early US universities was the provision of vocational skills for a wide range of 
professions important to local economies. In many cases, the training activities and 
research concerned with the problems of local industry went together. Much of research 
to help local industry was highly specific. Until the late 19th century, there was little in 
the way of systematic disciplinary basis for such research and training. Until the 1920s, 
university research was largely hands-on problem solving. Long before their European 
counterparts, US higher educational institutions assumed responsibility for teaching and 

                                                           
59 Railroad companies first developed the ‘line and staff’ system of hierarchical responsibility, delegating 
to each division (trunk-lines) managers (line executives), who were responsible for all the functions 
appertaining to their particular territory (for these functions managers employed staff). 
60 Oligopolistic competition, first emerged in the railroad business, arose in several branches of 
manufacturing late in the 19th century. For the railroads, the decade of greatest instability was the 1870s, 
when several cross-country trunk-lines had formed to give a variety of routes from the Midwest to the 
East Coast. Each was competing for market share. Consequently there would be a brief but highly 
unstable period of price wars. To cope with such potentially ruinous price wars, businessmen resorted 
sometimes to gentlemen’s agreements, all of which proved ineffective. Gentlemen’s agreements were 
replaced with pools, organized more formally, and responsible for setting administered prices and for 
allocating quotas of market shares to those firms in the pool. 
61 The response involved the establishment of new schools, such as MIT (1865) and Stevens Institute of 
Technology (1871), as well as the introduction of engineering courses into older universities. Here again, 
the US experience in higher education was distinctly different from that of the European scene. Whereas 
in Great Britain, France and Germany, engineering subjects tended to be taught at separate institutions, in 
the US such subjects were introduced at an early date into the elite institutions. Yale introduced courses in 
mechanical engineering in 1863, and Columbia University opened its school Mines in 1864. 
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research in fields such as agriculture and mining, commercial subjects such as 
accounting, finance, marketing and management, and an ever-widening swath of 
engineering subjects, civil, mechanical, electrical, chemical, aeronautical, and so on.62 
There were a number of reasons for this more ‘practical’ orientation.63 While usually 
connected with training, university research programs aimed to meet the needs of local 
industry often took on a life of their own, and became institutionalized. After The First 
World War, a college of engineering might offer undergraduate degrees in a bewildering 
array of specialized engineering subjects.64

A major accomplishment of US universities during the first half of the 20th century was 
to effect the institutionalization of the new engineering and applied science disciplines. 
The introduction of highly varied engineering subjects highlighted certain broad 
regularities in the focus of US universities. Not only did they tended to be intensely 
practical, and intensely specific to the needs of emerging US industries, but engineering 
institutions fostered this practical approach in the very foundations of the teaching 
methodology. In the years after the turn of the century, such fields as chemical 
engineering, electrical engineering, and aeronautical engineering became established in 
US universities. In each of these fields, programs of graduate studies with certified 
professional credentials grew up, along with professional organizations and associated 
journals. These new disciplines and professions both reflected and solidified new kinds 
of close connections between US universities and a variety of US industries. The rise of 
these new disciplines and training programs in universities was induced by and made 
possible the growing use of university-trained engineers and scientists in industry, and 

                                                           
62 Bruce, R. (1987), The Launching of Modern American Science, 1846-1876, Alfred A. Knopf: New 
York; Geiger, R. (1986), To Advance Knowledge, Oxford University Press: New York. 
63 US universities emerged in a new country with a culture strongly influenced by the need to vanquish a 
large, untamed geographic frontier. But there was much more to it than that. One important additional 
factor was that the university system has always been decentralized. There has never been centralized 
control, as developed in France after napoleon. Nor, until quite recently, did ‘scholars’ come to dominate 
universities, as they did in many European countries. While some schools like Harvard and Yale were 
clearly modeled after European institutions, a large number of schools chose their missions, styles, and 
focus based on the idiosyncratic needs of the provincial environment. Consequently, the funding and 
enrollment of these schools became heavily dependent on the mores and needs of the local community. 
These mores tended strongly to the practical. Further, US higher education has been noticeably more 
accessible to a wider portion of the population when compared with more class-rigid Europe. Where the 
aristocracy in Europe expressed disdain for commercial affairs (and this was reflected in their university 
curricula), US universities were perceived as a path to commercial as well as personal success, and 
university research and teaching were focused more clearly on these goals. Control of universities was 
left to the states. The long-term prosperity and success of these state institutions was generally understood 
to depend upon their responsiveness to the demands of the local community. Thus, the leadership of state 
universities was heavily beholden to the needs of local industries and to the priorities established by state 
legislatures. This responsiveness was particularly apparent in the contributions to the needs of agriculture 
that were provided by the land-grant colleges and, somewhat later, by the agricultural experiment stations. 
In general, intellectual innovations were likely to be quickly seized upon and introduced into university 
curricula, especially at those universities that were publicly supported, as soon as their practical utility 
was established. 
64 In the case of the University of Illinois, this included architectural engineering, ceramic engineering, 
mining engineering, municipal and sanitary engineering, railway civil engineering, and railway 
mechanical engineering. An observer has noted, “Nearly every industry and government agency in Illinois 
had its own department at the state university in Urbana-Champaign. Levine, D.O. (1986), The American 
College and the culture of Aspiration, 1915-1940, Cornell University Press: Ithaca. 
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in particular the rise of the industrial research laboratory in chemical industry and the 
new electrical equipment industries, and later throughout industry. 

The development of electrical engineering was based entirely upon recent experimental 
and theoretical breakthroughs in science; physics dominated the intellectual leadership 
in this new field. The response of US higher education system to emerging electricity-
based industries was swift. MIT introduced its first course in electrical engineering in 
1882.65 By that year crude versions of the telephone and electric light were already in 
existence, and the demand for well-trained electrical engineers was beginning to grow 
rapidly. Electricity-based firms such as General Electric and Westinghouse were trying, 
with only limited success, to train their own employees in this new and burgeoning field. 
The response of the universities was essentially instantaneous. Cornell introduced a 
course in electrical engineering in 1883 and awarded the first doctorate in the subject as 
early as 1885. By the 1890s, schools like MIT had become the chief suppliers of 
electrical engineers. Throughout the 20th century, engineering schools have provided 
the leadership in engineering and applied science research upon which the electrical 
industries have been based. Problems requiring research in such areas as high voltage, 
network analysis or insulating properties were routinely undertaken at these schools. 
The professors of electrical engineering, working within university laboratories, 
designed equipment for the generation and transmission of electricity. The emergence of 
discipline of electrical engineering defined a community of technically trained 
professionals with connections across universities, as well as between universities and 
industry. The relationships were systematic and cumulative, rather than ad hoc and 
sporadic. Although the establishment of new companies by university professors has 
been regarded as a peculiar development of the post World War II years, the practice has 
ample earlier precedent.66 Thus, the development electrical engineering as a discipline, 
and also as a profession, clearly has its roots in US higher education. The development 
of this discipline was in response to a national need, the emerging electricity-based 
industries, rather than the more provincial needs that motivated other research referred 
to earlier. Training electrical engineers became the province of universities, and the 
interface between universities and universities and technical advance was fostered 
through the adoption of this role. Further, university research was influential in 
technical change, often through consulting relationships with industry and occasionally 
through the establishment of firms that were headed by academics. 

The critical role of university research in engineering may be further observed in the 
emergence of the discipline of the chemical engineering in the US in the early years of 
the 20th century. This discipline was associated, to a striking degree, with a single 
                                                           
65 It is common among historians to date the beginning of the electrical industries in 1882, the year in 
which Edison’s Pearl Street Station, in New York City, went into operation. 
66 The Federal Company, of Palo Alto, California, was founded by Stanford University faculty and 
became an important supplier of radio equipment during World War I. The kylstron, a thermionic tube for 
generating and amplifying microwave signals for high-frequency communication systems, was the 
product of an agreement, in 1937, between Hal and Sigurd Varian and the Stanford Physics Department. 
Stanford University provided the Varian with access to laboratory space and faculty, and $100 annual 
allowances for materials. In exchange, Stanford was to receive a one-half interest in any resulting patents. 
This proved to be an excellent investment for Stanford. Leslie, S. and B. Hardy (1985), Steeple Building 
at Stanford: electrical Engineering, Physics, and Microwave Research, Proceedings of IEEE (July. 1985) 
1168-1179. 
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institution, MIT.67 The discipline of chemical engineering emerged precisely because the 
knowledge generated by major scientific breakthroughs frequently terminates far from 
the kinds of knowledge necessary to produce a new product on commercial scale. This 
is particularly true in chemical sector. It proved necessary to invent the discipline of 
chemical engineering around the turn of the 20th century in order to devise process 
technologies for producing new chemical products on a commercial scale. Chemical 
engineering is not applied chemistry – the industrial application of scientific knowledge 
generated in the chemical laboratory. Rather, it involves a merger of chemistry and 
mechanical engineering, i.e. the application of mechanical engineering to the large-scale 
production of chemical products – translating laboratory results into commercially 
viable chemical processing plants.68 Chemical engineering is not properly understood as 
merely a scaling-up process – chemical plant is not merely scale-up versions of the 
laboratory glass tubes and retorts. This kind of enlargement is not economically feasible 
and often not even technically possible. Typically, entirely different processes have to be 
invented, and then put through exhaustive tests at the pilot plant stage, a stage that 
reduces the uncertainties in the designing of a large-scale, highly expensive commercial 
plant. Thus, the design and construction of plants devoted to large-scale chemical 
processing activities involves an entirely different set of activities and capabilities than 
those that generated the new chemical entities. The problem of mixing, heating and 
contaminant control, which can be undertaken with great precision in the lab, are 
immensely more difficult to handle in large-scale operations, especially if a high degree 
of precision and quality control are required.69

The contribution of US higher educational institutions to the progress of aircraft design 
before the Second World War is another impressive instance of how universities 
produced information of great economic value to the development of a new industry. 
Scientific leadership in the realm of aerodynamics was generally agreed to have been 
located in Germany.70 However, research in aeronautical engineering at US universities 

                                                           
67 Servos, J.W., 1980. The Industrial Relations of Science: Chemical Engineering at MIT, 1900-1939, Isis. 
68 Furter, W. (ed.), 1980. History of Chemical Engineering (American Chemical Society, Washington DC). 
69 It has been true of many of the most important new chemical entities that have been produced in the 
20th century that a gap of several, or even many years, has separated their discovery under laboratory 
conditions from the industrial capability to manufacture them on a commercial basis. Eventually, to 
manage the transition from test tubes to manufacture, where output had to be measured in tons rather than 
ounces, an entirely new methodology, totally distinct from the science of chemistry, had to be devised. 
This new methodology involved exploiting the central concept of ‘unit operations.’ This term, coined by 
Arthur D. Little at MIT in 1915, provided the essential basis for a rigorous, quantitative approach to large-
scale chemical manufacturing, and thus may be taken to mark the emergence of chemical engineering as a 
unique discipline. It was a methodology that could also provide the basis for the systematic, quantitative 
instruction of future practitioners. It was, in other words, a form of generic knowledge that could be 
taught at universities. In his words, any chemical process, on whatever scale conducted, may be resolved 
into a coordinated series of what may be termed ‘unit actions’, as pulverizing, mixing, heating, roasting, 
absorbing, condensing, lixiviating, precipitating, crystallizing, filtering, dissolving, electrolyzing and so 
on. The number of these basic unit operations is not very large and relatively few of them are involved in 
any particular process. Chemical engineering research is directed toward the improvement, control and 
better coordination of these unit operations and the selection or development of the equipment. Little, A.D. 
(1933), Twenty-Five Years of Chemical Engineering Progress, Silver Anniversary volume, American 
Institute of Chemical Engineers, D. van Nostrand Company: New York. 
70 Ludwig Prandtl was undoubtedly the central intellectual figure in providing the necessary analytical 
framework for understanding the fluid mechanics that underlies the flight performance of aircraft. 
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was of decisive importance to technical progress in aircraft design in the US in the 
interwar years.71 What was essential to the successful design of aircraft was not just the 
experimental equipment or the requisite scientific knowledge. Indeed, the central point 
with respect to aircraft is precisely the complexity of the process of aircraft design 
because of the absence of such a body of scientific knowledge. A useful quantitative 
theory did not exist, and thus the method of experimental parameter variation was 
necessary. The Stanford experiments led to a better understanding of how to approach the 
whole problem of aircraft design. In this sense, a critical output of these experiments was a form 
of generic knowledge lying at the heart of the modern discipline of aeronautical engineering.72

The greater degree of sophistication in aeronautical research methods that resulted from 
the Stanford experiments made an important contribution to the maturing of the US 
aircraft industry in the 1930s, a maturity crowned by the emergence of the DC-3 in the 
second half of that decade. But the success of the DC-3, the most popular commercial 
transport plane ever built, owed an enormous debt to another educational institution, the 
California Institute of Technology. Cal Tech’s Guggenheim Aeronautical Laboratory, 
funded by the Guggenheim Foundation, performed research that was decisive to the 
success of Douglas Aircraft, located in nearby Santa Monica. Both technical features 
such as durability and reliability of components, and economically important features 

                                                                                                                                                                          
Research in aeronautical engineering in the US, at California Institute of Technology, Stanford, and MIT, 
all drew heavily upon Prandtl’s fundamental researches. 
71 An excellent illustration of university engineering research that yielded valuable design data, and also 
knowledge of how to acquire new knowledge, was the propeller tests conducted at Stanford University by 
W.F. Durand and E.P. Lesley from 1916 to 1926. Extensive experimental testing was necessary because of 
the absence of a body of scientific knowledge that would permit a more direct determination of the 
optimal design of a propeller, given the fact that the propeller operates in combination with both engine 
and airframe and it must be compatible with the power-output characteristics of the former and the flight 
requirements of the latter. Thus, designing a propeller is not independent of the design of the entire 
airplane, and the ten-year research project not only expanded the understanding of airplane design but 
also increased confidence in the reliability of certain techniques utilized in aircraft design. An important 
consequence of the experiments, which relied heavily upon wind tunnel testing, was not so much the 
ability to improve the design of propellers as to improve the ability of the designer to achieve an 
appropriate match between the propeller, the engine and the airframe. Durand and Lesley actually began 
their experiments by designing and constructing the necessary wind tunnel equipment, since American 
capabilities with respect to wind tunnels were well behind European capabilities at the time. Vincenti, W. 
(1990), What Engineers know and How they Know it, The Johns Hopkins University Press: Baltimore. 
72 As Vincenti has astutely observed: In formulating the concept of propulsive efficiency, Durand and 
Lesley were learning how to think about the use of propeller data in airplane design. This development of 
ways of thinking is evident throughout the Stanford work; for example, the improvement of data 
presentation to facilitate the work of the designer and in the discussion of the solution of design problem. 
Though less tangible than design data, such understanding of how to think about a problem also 
constitutes engineering knowledge. This knowledge was communicated both explicitly and implicitly, by 
the Duran-Lesley reports. What the Stanford experiments eventually accomplished was something more 
than just data collection and, at the same time, something other than science. It represented, rather, the 
development of a specialized methodology that could not be directly deduced from scientific principles, 
although it was obviously not inconsistent with those principles. One cannot therefore adequately 
characterize these experiments as applied science. To say that work like that of Durand and Lesley goes 
beyond empirical data gathering does not mean that it should be subsumed under applied science. It 
includes elements peculiarly important in engineering, and it produces knowledge of a peculiarly 
engineering character and intent. Some of the elements of the methodology appear in scientific activity, 
but the methodology as a whole does not. 
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such as passenger carrying capacity, were largely the product of Cal Tech research 
program, highlighted by their use of multi-cellular construction, and the exhaustive 
wind tunnel testing of the DC-1 and DC-2.73

3.5 Industrialization in the West, 1930s to 1970s 
By the beginning of the 20th century, the US was overtaking Britain in terms of 
industrial productivity, i.e. in total factor productivity (TFP) – it had already surpassed 
the UK in terms of labor productivity. Coupled with its greater size, the US was coming 
to set the pace of long-term growth and industrialization. Germany did not dominate the 
industrial world to the same extent as the US due to its more limited resources as well as 
the effects of wars and extremist politics. Up until the late 1920s, the gap between the 
US and other industrial countries widened; it began to narrow first with the Great 
Depression in the 1930s and then by the phenomenon of industrial convergence after the 
Second World War. 

The prewar leadership of the US was based primarily on managerial capacity, oriented 
to competence in the organization of production and marketing. Its advantages in other 
dimensions were initially less secure. But that leadership was to be strengthened by the 
two world wars such that one can classify its sources of postwar strength as: 

– Market size: the sheer extent and scale of the internal US market, eight times as 
large in economic terms as the next largest; 

– Wealth: making a major contribution to that aggregate economic size, in terms 
of both high per-capita incomes and relatively egalitarian wealth distribution; 

– Skills: a relatively well educated and trained labor force; 
– Technology: particular advantages in the commercialization of products and the 

ability to produce ‘robust’ product designs, e.g. in commercial aircraft; and 
– Management: attracting many of the most able individuals and drawing them 

into organized managerial structures. 

Depending on its immense domestic resource base, the US remained an internally 
focused economy, with a very low ratio of exports or imports to GNP. But its external 
operations became increasingly important for the rest of the world. Its postwar strength 
enabled the US to take the dominant role in reconstructing the world economy, 
including the provision of major stopgap measures like the Marshall Plan (1948). This 
gave the US considerable power to open the markets of war-stricken countries to trade, 
and to impose some of its capitalist norms on the recipient countries and on global trade 
and payment systems. The post-war boom of the 1950s and 1960s has to be seen in the 
context of the even longer period of instability and insecurity that preceded it. The mass 
unemployment of the 1930s provided the context for the reorientation of Keynesian 
economics towards the macroeconomic management, which took a more expansionary 
stance, and above all to stress international coordination in place of the inter-war beggar 
thy neighbor. During the Great Depression of the 1930s, the erection of trade barriers 
had reinforced the downward spiral. The problem of trade barriers and other obstacles to 
international trade were attacked by setting up GATT, and that of coordination of 

                                                           
73 Cohen, W., R. Florida and R. Goe (1993), University-Industry Research Centers in the United States, 
Report to the Ford Foundation, 1993. 
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growth and macro-economic policies by the founding of the OEEC (later the OECD) in 
1948, following a direction suggested by the Marshall Plan. 

Supply factors were not major constraints holding back growth: cheap oil from the 
Middle East and cheap food and materials from countries of the South; and adequate 
labor supplies from1) the inter-war unemployed, 2) new labor pools, especially married 
women, 3) outflows from poorer agricultural districts, and 4) migrants flows into the 
European countries.74

Most of the technological breakthroughs of the 1930s were not commercialized until 
after the Second World War. New industries emerged since the 1930s, such as motor 
vehicles, chemicals, artificial fibers and household durables, were the fruition of the 
major advances of the previous Kondratiev wave. Their growth rested on technological 
breakthroughs that were for the most part 30-60 years old by this stage. It would seem 
that the commercialization of innovations to the point of making a major contribution to 
national economies takes a full long wave to take effect. Evidence on major innovations 
supports a surge of product innovations in the 1930s, when demand was ‘latent’ and 
beginning to rise, that improvement and process innovations were at their strongest in 
the 1950s, while further upstream scientific instruments peaked in the 1960s. 

Industrial research became professionalized.75 As formal R&D grew in importance, the 
role of individual inventors waned – 78% of US patents went to individuals in 1906, but 
this had fallen to 40% by 1957. R&D departments broke away from mainstream 
production, partly due to the need to take much longer-term perspectives.76 R&D 
departments and laboratories developed their own momentum and dynamics. Benefiting 
from spillovers from R&D conducted elsewhere required a degree of absorptive 
capacity, which came most readily from in-house research in the area. It became 
common in some oligopolistic industries to pool patents.77 In order to have credibility in 
sharing in the patent pool, one had to be able to deliver to it its own patents. With the 
growing complexity of advance in technological systems, even the largest firms pooled 
their resources.78 Studies in both the US and UK showed the overwhelming importance 
                                                           
74 Cheap labor by itself would not have provided adequate demand. According to the Régulation school of 
French post-Marxist scholars, wages were kept by 1) the development of stronger trade unions, and 2) 
state intervention to stabilize wage bargaining. There could be some tension between keeping wages 
down to benefit the supply side (reduce wage costs) and keeping them up to boost consumer demand – if 
labor productivity were sufficiently increased, this could achieve both objectives at once. 
75 Research intensity was correlated with the survival and growth of individual firms. The comple-
mentarity between contracted-out research, increasingly for routine investigation in the inter-war US but 
more importantly for standardization, and in-house research, which had to tackle the rising complexity 
and idiosyncrasy of technology for particular firms. Mowery, D.C. and N. Resenberg (1989), Technology 
and the Pursuit of Economic Growth, Cambridge University Press: Cambridge. 
76 Carl Bosch, director of R&D and later chairman of I.G. farben, the giant inter-war German chemicals 
combine, argued that a great research project took ten years to produce, gave ten years of substantial 
returns, then another ten years of sagging returns. ‘It is not here to give big profits to its shareholders. Our 
guide and our duty is to work for those who come after us to establish the processes on which they will 
work. 
77 In industries such as chemicals, this was even done on an international basis, which to some extent 
obviated the need to conduct one’s own R&D in other countries. 
78 The successful development of catalytic cracking in the 1930s was the world’s largest single R&D 
project before the atomic bomb at the end of the Second World War, and evolved into a consortium 
headed by Standard Oil of New Jersey which included Shell, Anglo-Iranian (BP), Texaco, I.G. Farben and 
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of manufacturing for generating measured innovations. Innovation fanned out from a 
smallish group of key innovating sectors. Such leading technology sectors were 
typically characterized by higher than average R&D though some of them (e.g. 
machinery) were more design-intensive than R&D-intensive. The payoff to any such 
R&D has to be seen in the light of the interaction with users, who sometimes gained 
more of the benefit than did the innovators themselves. The rising scale of R&D could 
be an obstacle for small and medium-sized enterprises (SMEs). Cooperative research 
(RA) was a solution. On a formal basis, it developed first in the UK through Research 
Association set up in many industries after the First World War. These were intended to 
be most active in industries characterized by a prevalence of SMEs. Their work has 
been rated as satisfactory, and large firms soon joined some of the RAs, mainly to share 
complementary research they were conducting in-house with the Associations.79

The US dominated early postwar R&D, with aggregate formal expenditures on R&D 
still three times those of the whole of Western Europe as late as the early 1960s. 
Especially important was the Federal government, which at its maximum in the early 
1960s funded two-thirds of formal US R&D, mostly through the Department of Defense, 
Atomic Energy Commission, and the National Aeronautics and Space agency (NASA). 
Much of this federally funded research had modest civilian spillover. Thus 57% of the 
huge US R&D expenditure of the early 1960s went on defense, nuclear energy and 
space, and only 31% represented industrial research proper, which narrowed the 
advantage over Western Europe in the latter. Nevertheless much of the Federal funding 
was well targeted, through often employing the laboratories of private firms, or 
universities in the case of basic research, to perform the actual R&D. 

Industrially relevant science rose from the late 19th century. But the areas in which 
science and technology directly overlapped long remained somewhat limited. The 
dynamics (paradigms) of science and technology continued to remain rather distinct, as 
did their motives; but science had an important role to play in the education of 
technologists, especially in raising questions and suggesting procedures for solving 
puzzles. Science remained somewhat hit-and-miss in its ability to predict behavior that 
was most needed by industry.80 The early technological lead of the US came mostly 
from widespread higher education and its focus on practical education. Many of the 
leading industries of the early 20th-century US were averse to science. The US record in 
secondary education until the inter-war years was little better than British or French and 

                                                                                                                                                                          
Kellogg for the construction. 
79 The Research Association idea was copied in due course by France, Germany and much later, but 
possibly more successfully) Japan. But in the UK they were unable to remedy the basic deficiency, which 
was the lack of an equivalent ‘receiving mechanism’ of in-house R&D in the firms. Studies in a number 
of countries have confirmed that in-house and externally performed R&D are not substitutes but 
complements. Moreover, the scale of R&D operations remained too small and diffused to wreak great 
changes. 
80 One of the major objectives of the early R&D labs in German chemicals firms such as BASF and 
Hoechst was the attempt from around 1880 to produce synthetic indigo dyes. Commercialization failed 
for about a decade and a half, when finally a research worker’s thermometer broke inside the reactor 
vessel and spilled mercury into the mixture, which then crystallized. Similar accidents accounted for the 
discovery of penicillin by Fleming – allegedly the result of working in a filthy lab – and, a little less 
fortuitously, the discovery of polyethylene at ICI in the early 1930s – originally a dirty residue found at 
the bottom of the test-tube. 
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well behind the German one. The Federal land grant provision for founding colleges 
(1862) played an especially important role in this emphasis on practicality – Cornell and 
the Massachusetts Institute of Technology became distinguished in engineering. US 
engineering education from the 1920s became especially oriented to the needs of big 
business. With the huge expansion of Federal research funding during and after the 
Second World War, universities and colleges moved into the lead in high-tech US 
industries. Bush’s report, Science: the Endless Frontier (1945), helped re-create the 
notion of an intellectual frontier to which the aspiring young Americans could devote. 
This was not limited to native Americans: The result of the war also led to an influx of 
top scientific talent into the US. When the Russians launched the Sputnik satellite in 
1957, there was a renewed attempt to push ahead the US science, but to some extent at 
the cost of technology. 

With such postwar expansion, US innovation came to lead the world, but to a lesser 
extent in the industries that had represented the advanced technologies of the first half 
of the 20th century (chemicals, metal-working, synthetics, plastics), where Germany 
and some other European countries retained some parity. Instead, the US dominated in 
new sectors, most conspicuously electronics; again partly inspired by the demands of 
the military and space agencies during and after the Second World War, where the 
coupling of the expanded science base and the advanced engineering skills bred in 
universities such as MIT was strongest. The US led more broadly in the rate of 
commercialization of new technologies and products, owing to its longer dominance in 
managerial and marketing skills. 

The process of catching-up with the US, which began in Western Europe in the early 
1950s, and which is at the heart of the alleged ‘convergence’ hypothesis, was not just a 
simple process of borrowing US technology: it required major indigenous efforts. In the 
early 1960s, gross expenditure on R&D in the US was about four times as high in 
absolute terms and twice as high in relative terms as in five leading European countries. 
Two decades later the latter had caught up in research intensity, despite a slowdown in 
the UK. Each country to an extent built on its own specific pattern of interactions with 
resources and capabilities, so the consequence was as much a question of parallel as of 
convergent technological paths. This notion of separate paths constitutes one of the 
basic propositions of the recent emphasis on distinct national systems of innovation. 
The combination of the ways in which science and technology were organized, markets 
were developed, and firms and industries were structured, conspired to keep many 
countries in tracks with which they were familiar. Major changes of direction required 
some break-up of the existing national system of production, as happened in postwar 
France, when the state took a proactive role in altering the whole basis of French 
industry. More often the activities of the state towards new directions were simply an 
addition to the existing structure, which continued to thrive in its more traditional ways, 
often much more successfully than the state managed to achieve. However, countries 
which failed to put all the pieces together in either existing or new activities, notably 
Britain, fell by the wayside: still excelling in science, but with weak industrial 
commitment except in a few sectors such as pharmaceuticals. The implication of the 
trends in the previous period towards giant plants and towards the deskilling of labor in 
the assembly line would be that the bias of technological change was labor saving. 
Contrary to the neoclassical notion of factor substitution, however, US exports were on 
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balance labor-intensive rather than labor saving, despite its higher level of real wage 
than that of trade partners. US exports were research-intensive, so that apparent labor 
intensity was a mask for human capital intensity. Where there seemed to be a greater 
amount of true labor saving, the labor-saved was mainly unskilled, so reinforcing the 
tendency towards human capital intensity and contradicting the notion of a bias towards 
deskilling. The technologies utilized, especially in the US, did appear to be energy-
intensive (based on cheap oil and electricity) and materials-intensive. The bias towards 
capital-intensity was less potent than often imagined, partly due to the capital-saving 
technical advances. 

Technological trajectories represent the confrontation between natural technological 
heuristics and the economic and social environments. Economic and social factors 
interact with the logic of scientific and technological development. Crucial science-
based technologies such as chemicals and later electronics became embedded in a 
widening range of user industries and their products. There emerged several technolo-
gical paradigms, which by and large did not compete with one another. In some sectors, 
the chemicals-related paradigm operated (synthetic materials and plastics, petroleum, 
pharmaceuticals, etc.), while, in other sectors, electrical-electronic paradigm operated. 
Although chemicals-related sectors obviously used a certain amount of machinery or 
electrical equipment, the mode of problem solving continued to be dominated by 
heuristics relevant to chemicals. In the electricals-related fields, the paradigm continued 
to be one of electrical operation driven on machine principles, the electromechanical 
paradigm, with the switch to a fully digitalized electronics paradigm beginning to 
intrude late in this period (and still far from completed today). For the majority of 
manufacturing sectors, the relationship between machinery and motive power continued 
to lie at the heart of the choice of techniques. Whereas there was parallel development 
of energy centralization and machinery decentralization in the 19th century, the reverse 
occurred in the 20th century. The production of energy in the form of electrification was 
increasingly centralized while its use was increasingly decentralized. The rise of 
electricity and the internal combustion engine allowed fractionalized power, viable even 
in very small user sizes. The generation of electricity became increasingly centralized in 
massive generating plants – it was the networking of electricity through regional or 
national grids that permitted its broad dispersion. In the individual factory or plant, the 
use of this networked power allowed the further development of a kind of division of 
labor in the machinery. Automation had come slowly and incompletely in the early 20th 
century. Automation involves three aspects – transformation, transfer and control. 
Mechanized transformation was a predominant characteristic of the 19th century 
industry, while at the other extreme, mechanized control is only recently becoming well 
established (through computer control, etc.). The major advance of the earlier part of the 
20th century was in the mechanization of transfer, as represented by the Fordist 
assembly line. Mechanization of control was possible only to a limited degree, in 
conditions of producing single products on dedicated assembly lines. Thus machinery 
became integrated not at the level of individual machines but functions, where the 
division of labor principle continued to dominate, but in terms of combining the various 
machines into a factory system. 

In the advanced industries of the early 20th century, batch production was replaced by 
flow production. Development of flow processing involved speeding-up, assisted by 
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electrification and by a host of minor innovations such as high-grade materials (steel, 
etc.), faster machinery, improved lubrication, and use of ball and roller bearings. Time 
was saved via reduced downtime, faster throughput and better machine coordination.  
The development of fluid catalytic cracking in oil refineries from the 1930s was 
facilitated by six major developments: 

– An enormous growth in the market for basic chemicals (ammonia, chlorine, 
soda, ethylene, propylene, etc.), i.e. in Smith’s extent of the market; 

– A switch in the basic feedstock materials from coal derivatives to oil and natural 
gas; 

– Increasing availability of electricity, and the development of electro-thermal 
processes; 

– Improved equipment and components (pumps, filters, valves, etc.); 
– New instruments for monitoring and controlling flows, also for testing; and 
– Application of basic scientific knowledge to production, especially the develop-

ment of chemical engineering. 

While these may have varied in individual importance for the evolution of the new 
system, it is apparent that they run the gamut of demand and supply influences (growth 
of market opportunity, shift in natural resources, electrification paradigm, further 
development of mechanical paradigm, standardization, increased science base). The 
consortium approach to reorganizing the system hastened the breakthrough in this case; 
in other industries the evolution of the new system could take much longer. European 
manufacturers faced severe US competition after the First World War. European 
countries lacked the scale and motivation to match US process innovations.81 In the US 
the assembly line was intended primarily to raise labor productivity, whereas in Europe 
it was seen as raising capital productivity. French adopters of the assembly line 
concentrated first on issues of space and machinery, and only after turned their attention 
to issues of saving time. European firms avoided excessive installations of dedicated 
machinery in favor of greater product flexibility. The European industry was more 
technology-led than process-led. In regard to the crucial question of the power-weight 
ratio, Ford reduced the weight while Renault improved the power. In differentiating the 
vehicles, demand factors were as significant as supply in Europe. 

Though usually regarded as highly labor saving, the kinds of labor saved by the 
assembly line were typically unskilled and often transient labor. The objective was to 
speed up work, i.e. directed at time saving rather than labor saving. Problems such as 
intense pressure of workplace, altered skill structures and severe employment 
fluctuations, led workers to seek new forms of combination to resolve them. The typical 
solution attempted was to replace traditional craft-based unions with industrial unions, 
which would coordinate disputes with management across the whole automobile or 
similar industry. Such unions emerged in countries such as the US and France in the 
                                                           
81 Mass production in the 20th century has often been described as Fordist, although Fordism remained an 
extreme case rather than being typical of all manufacturing. The archetype of mass production was the 
automobile assembly line, pioneered by Henry Ford for the Model T in 1909-13. The assembly line 
involved the setting up of a dedicated line of extremely inflexible machinery, and to pay itself off required 
huge production runs of highly standardized products. The minimum efficient scale (MES) for the basic 
elements (e.g. chassis, body, and engine) typically required sales for several years, militating against 
frequent changes in these components. 
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later 1930s, but for the most part remained squeezed between governmental or 
managerial hostility from above and shop floor conflicts over goals and procedures 
from below. As for the management of labor process, the equivalent paradigm to 
Fordism was Taylor’s scientific management. While Ford wanted maximum throughput 
from machines, Taylor wanted it from workers, typically in bureaucratic organizations.82 
Even with fully machine-paced work, as on assembly lines, scientific management 
could still be used for the large numbers of employees who were not actively machine-
paced, e.g. in metal-working, maintenance, supervisory roles, etc.83

The multidivisional form (M-form) developed in the US, as firms became increasingly 
of multi-product. European firms moved towards M-form structures after World War II, 
prompted partly by the arrival of US Multinational corporations (MNCs). Family 
capitalism continued to dominate the UK, resisting the encroachment of professional 
management. France also pursued family capitalism, but allied to finance to a greater 
degree than was the case in the UK. A few German companies were relatively quick to 
espouse modern management, but within a more cooperative and less competitive 
capitalist framework than operated in the US. The pressure for standardized products 
under Fordism went alongside a hierarchical and centralized form of management, the 
most straightforward development of which was the unitary form (U-form),84 which 
proved unsatisfactory in practice. The functional units could not be adequately 
coordinated with one another when each had responsibility for a wide range of product 
lines, and top management had to step in too often and take over too many non-strategic 
responsibilities. The consequence was the M-form, in which each product or regional 
line (line of business) becomes a separate division, and carries out all relevant functions 
(R&D, production, etc.). Central office overviews all of them and ultimately allocates 
financial resources among them, typically using a profit center approach, i.e. using 
indicators like ROI to flag the most profitable divisions. In effect, the central office of 
an M-form company became a mini-internal capital market, responsible for allocating 
funds to the different divisions. This reflected a shift in balance of emphasis of what 
was required of the businessman from technology towards finance. The national 
differences do not represent just leads and lags in organizational behavior. The nature of 
production organization is constrained by the institutions or ideology. It thus depends in 
part on the legal and political environment, which can take varying views about the 
rightness or wrongness of big business and its manifestations. Hostile corporate 
takeovers are normally regarded as legitimate in the US but rarely so in Germany and 
still less in Japan. To see the M-form as the acme of organizational perfection is 
misleading – rather it should be seen as a form that was well suited to its particular 
                                                           
82 Though Taylor spoke of shared responsibilities and shared benefits, in practice manager employing 
scientific management organized while workers simply performed. Taylor espoused such principles as 
tight supervision, effort-related payment systems, bureaucratic task allocation, and work-planning 
methods, such as the notorious ‘time and motion’ studies. 
83 US engineers in industry focused first on cost accounting and consequently on cost reduction. By 
contrast, German engineers had a much stronger role as technicians. Thus US multinational corporations 
in their European factories, despite using US machine tools, produced 10% to 30% less than in the US; 
probably reflecting the lower emphasis on cost reduction in Europe. 
84 In U-form firms, HQ contained middle-management strata responsible for coordinating, supervising 
and allocating resources to the different functional tasks (R&D, production, marketing, etc.) with lower 
management answerable to the relevant functional manager at this middle level for each particular line of 
product. Top management was supposed to carry out strategic planning. 
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institutional and technological environment. 

Many large companies became internationalized more or less at the time they became 
large, especially in the final years of the 19th century. The notion that they are recent 
phenomena is quite mistaken. In the case of European multinationals, the dominant 
firms today are much the same as they were at the turn of the century, allowing of 
course for the rise of some new industries. However, the MNCs have changed in form 
and focus since the Second World War. As some giant firms moved to M-form or similar 
structures after the First World War, so their international operations frequently became 
different divisions for different regions. Until the 1960s, the general pattern was to shift 
only certain functions abroad, with marketing typically being the first to emigrate. 
Production went normally to the next-wealthiest countries for demand-side reasons. But 
most of the core and learning functions stayed at home. From the 1960s, production was 
sometimes shifted to lower-wage countries, mainly to achieve cost savings in labor-
intensive activities. The assumed savings in labor costs often failed to materialize – 
hourly wage rates in Volkswagen’s Mexico plant were one-fifth of those in Germany, 
but total costs per vehicle remained stubbornly higher. MNCs have found only limited 
breathing space from cheap offshore labor. 

The combination of large firms using assembly-line process technology and oligo-
polistic market structures discouraged competition based on pricing, because of the risk 
that under-cutting of prices would lead to a price war. These occurred sporadically, 
mainly to try to force rivals out of business, but were generally found ruinous for the 
producers as a whole and thus for the most part avoided. Competition thus became 
based on quality differences. Advertising and distribution reaped their own economies 
of scale, which could be a further reason for the relative growth of large firms. The 
primacy of marketing benefited US industries from their early dominance in the field, 
and encouraged their postwar success in world markets. Since rival producers were 
producing fairly similar products, the speed with which they could expand sales of the 
new models was crucial to their market performance. US firms in the early postwar 
world appeared to have an absolute advantage in the rate at which they commercialized 
new products, including products deriving from innovation. ‘Speed to market’ meant 
more than just the advertising campaign. Technologies and production processes were 
directed to producing cheaper rather than better products. The shift to low-wage 
countries for production in the 1960s represented a further stage in this search for cost 
cutting. Consumers benefited from the downward trend in prices, enabling many to 
purchase such goods for the first time. For long stretches of time, prices fell almost as 
fast as output rose, so that the total value of sales rose only slowly. This reinforced the 
oligopolistic style of rivalry based on market share. Producers of consumer durables 
tried to support consumption, through innovative financial and distributional practices. 
Ford pioneered both in the provision of generous customer credit towards the purchase 
of his vehicles, and in establishing networks of dealerships for locating sales close to the 
customers. The system of franchised dealers was increasingly adopted from the 1920s in 
order to cope with the proliferation of individual customer requirements. 

The focus of growth was on consumer durables. The most obvious target was the 
affluent worker. But the pressures for cutting costs towards labor saving technological 
change were inappropriate for creating a class of affluent workers. The Régulation 
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School thus emphasized the degree of mismatch, particularly in the 1930s, between new 
régimes of accumulation (new technologies and industries, Taylorism, M-form control, 
oligopolistic markets, etc.) on the one side and the wider socio-political mode of 
regulation (wage payment systems, labor process, etc.) on the other. This interpretation 
is similar to the Freeman-Perez view of structural conflicts (also focused on the extent 
of mismatch during the 1930s). The solutions were found partly in war and partly in a 
macroeconomic revolution. As citizens became more affluent, they had less desire for 
the standardized goods, and increasingly sought status goods. Fordism proved unable to 
cope with such product heterogeneity, although the assembly-line lifetime could be 
extended by the addition of minor fripperies. Ford therefore succumbed to the pressure 
from GM in the later 1920s, which targeted the mass-class market. The M-form 
organization was better designed to adjust for such variations in products, but what was 
ultimately called for was increased process flexibility. There were some moves in this 
direction in GM, particularly through increasing interchangeability of parts. But GM in 
fact relied mainly on shifting the burden of product changes and fluctuations on to the 
workers, via lay-offs or similar. Competition moved away from innovation and into the 
kinds of minor styling and marketing efforts. In Britain and Continental Europe, a 
considerable number of producers continued to aim at luxury markets, as for instance in 
cars; though producing very small quantities. Production process was here virtually 
immaterial, and costs very high, but some technological leadership was offered from 
segments like sports cars, racing cars and engines. Though most of these specialist firms 
disappeared or were swallowed up, some were able to establish market niches after the 
Second World War that held up better than their larger Fordist rivals. 

3.6 Industrial Progress since 1970 
The US, Western Europe and Japan were approaching equality of incomes by the later 
1980s. The US became a substantial net importer of capital, especially from Europe. Per 
capita income growth in the US slowed considerably in this period as compared with 
that during the long postwar boom. In the follower countries the impact upon growth 
rates was less marked, but there was unquestionably a growing sense of insecurity and 
instability, alongside rising indicators of economic malaise such as unemployment and 
inflation rates. The locomotive role that the US played in the world economy until the 
late 1960s became increasingly dependent on huge government deficits and balance of 
payments deficits, brought about partly by external events such as Vietnam War, and 
partly by internal factors. Eventually world currency markets could not stand the strain, 
and the Bretton Woods scheme of quasi-fixed exchange rates had to be abandoned in the 
early 1970s, in favor of fluctuating exchange rates. This brought even greater instability 
into the changing global economic system. The US share in high-tech industries largely 
persisted. Elsewhere the Japanese are claimed to have replaced the falling share of 
Europe. But this view of Eurosclerosis is more contentious. The European performance 
from the late 1960s is considerably improved, at least until recent years.  

Many of the causes that have been proffered for the slowdown have been regarded as 
not just immediate causes of the shift from expansion to retardation, but as basic causes 
of the continued retardation. Macroeconomic policies of demand management no longer 
seemed able to deliver the kind of boom conditions experienced in the 1950s and 1960s, 
for which two reasons were suggested: national economies had become increasingly 
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inter-linked by trade and payments ties, and so were less and less able to manage their 
domestic economies without reference to international influences; the Keynesian 
assumption of elastic supply conditions for inputs, especially labor and raw materials, 
ceased to hold. As a result, the early 1970s were characterized by stagflation. 

In supply terms, the postwar boom depended upon elastic supplies of labor, rising 
investment, and cheap and abundant energy and materials resources. Technical progress 
was biased towards extensive use of the latter, to a degree that was thought wasteful 
with hindsight. By the late 1960s, the assumptions of elasticity of supply and abundance 
of resources were looking vulnerable. Labor costs, as a proportion of total costs, rose 
during the 1960s: there were mounting political battles between capital and labor. 
Scholars interpreted this as a squeeze on profits, depressing capital accumulation. More 
apparent in the early 1970s was evidence of actual or prospective shortages of fuels and 
materials, relative to future population growth. The hitherto wasteful use of materials 
was also linked to growing anxieties about pollution and the ecosystem.85

The hypothesis in the technology stalemate perspective was a belief that innovations 
have shifted from fundamental changes to more limited improvements, a view derived 
partly from product life-cycle concepts. However, it is by no means easy to judge how 
radical such recent innovations have been, and with a greater elapse of time we might 
now regard some of the changes of the early-mid-1970s as quite fundamental, e.g. the 
development of the personal computer in the IT industry, or of recombinant DNA in 
biotechnology. Alternatively, any decline in innovativeness might be regarded as a 
return to normalcy, with the preceding period representing abnormality, e.g. because of 
recovery from the Second World War. It has been argued, on the one hand, that 
technological factors are likely to have been significant at the sector level in the US, 
since R&D intensity was fairly strongly correlated with differences in sector 
productivity growth rates from 1948 to 1979. Others have contended that technological 
factors are unlikely to have been the only causes of slowdown, since the latter extended 
across almost all sectors irrespective of technological leadership. To account for the 
persistence of retardation, it may be more appropriate to emphasize the slowness of 
diffusion rather than declining incidence of innovation in newer fields. It has also been 
argued that spillovers from military R&D slowed down in this period. Even if the 
argument is substantiated, one still has to judge whether any such limits to diffusion 
originated in problems on the demand side or on the supply side. Though the evidence is 
limited, the indications are that the principal reasons for slow diffusion were not 
narrowly technological nor inadequacies of demand, but organizational weakness in 
coupling technology to adoption. 

The high growth of the 1950s and 1960s had established a ‘virtuous circle’ in which that 
                                                           
85 However, it remains to establish whether any of these factors bore a direct causal relationship to 
retardation. There is no doubt that energy growth slowed markedly after 1973, but measurements to date 
of the impact on slowdown or convergence between countries indicate that it has been a minor factor. Nor 
is there much in the way of convincing evidence for a direct impact on overall TFP growth, though 
indirect impacts via demand shocks and the like may have been significant. Moreover, the return of cheap 
fuel in the 1980s did not bring a sustained return to prosperity, although it may have has a positive short-
term effect on industrial growth. In similar manner, there is no apparent relationship between sectoral 
slowdown and weaknesses in substituting capital for labor or in capital accumulation. Thus these cost 
factors are probably best seen as triggering decline rather than perpetuating it. 
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high growth gave rise to high profits, which in turn permitted high rates of investment 
and thus further high rates of growth. This virtuous circle was turned into a vicious 
circle when profit rates collapsed (low investment, low growth, low profits, low 
investment, etc.). Such a view is consistent with arguments such as those about rising 
labor costs. However, for the US, Hayes and Wheelwright argue that rates of return on 
industrial equity were little if any lower during the 1970s than in the boom years of the 
1950s. Their view instead is that, as compared with the boom period, shareholder 
dividends paid out were one-third higher, i.e. less of the profit was being ‘ploughed 
back’ into industry for its growth. Conceivably this was linked to the rising involvement 
of financial pools in industrial ownership. Nelson (1990) argues that the largest US 
declines came in ‘mid-tech’ industries (steel, automobiles, etc.) rather than ‘low-tech’ 
ones, and these were industries characterized by highly capital-intensive plants and 
sprawling managerial bureaucracies. The case for managerial inflexibility and organ-
izational rigidity therefore seems to be supported at the sector level. But here the impact 
may instead have been longer term, and will thus be taken up below. 

In the US, the R&D intensity failed to rise greatly and for a period actually declined. 
However, it can be argued that, like profits and capital investment, the level of invest-
ment in R&D is as much a consequence as a cause of growth. The possibilities for a 
vicious or virtuous circle are equally evident here. Much of the decline in R&D was in 
the government-financed aspect. In the US, virtually all of the declines were in Federal 
funding, while in the eleven leading advanced industrialized countries (AICs) including 
the US, private R&D expenditures rose a healthy 30% between 1967 and 1975. Given 
the general belief that much of the government-funded R&D was by this stage having 
only a limited growth impact, e.g. because of declining military/civilian spillovers, and 
that private R&D is likely to have more significant economic effects anyway, it is not 
clear that the correlation between R&D expenditures and slowdown is especially strong. 
An alternative possibility is that the capabilities of particular levels of R&D expenditure 
to produce gains in output were declining – in other words, that the productivity of 
R&D was falling. There is some scattered evidence for rising costs of R&D relative to 
the ultimate economic payoffs in projects characterized by technological complexity.86 
Calculation of the returns to R&D is, however, notoriously suspect. Nonetheless, there 
is some consensus that the uncertain business conditions from the early 1970s induced a 
shift from long-term exploratory research to short-term payoffs and minor improve-
ments. There was also a certain amount of R&D ‘wasted’ on long-term projects directed 
at the short-term causes of the retardation, e.g. searching for alternative oil sources. 

Some of the above arguments accord with Perez’s long-wave hypothesis concerning the 
exhaustion of technological styles in the later phases of the long wave. ICT has been 
making possible a radically different pattern of advance.87 The productivity paradox is 

                                                           
86 This will be elaborated upon below, but at this stage one can point to the most obvious ‘mission-
oriented’ projects like space, nuclear power and telecommunications, where each succeeding generation 
of products appeared to involve a doubling or more of R&D without proportionate improvement in the 
products. 
87 IT developed by making use of the heuristic of miniaturization. The drive towards miniaturization was 
spurred by the NASA space program, with the need to save weight and volume as well as increase 
efficiency in the satellites. Increasing density of microprocessors had other positive effects, e.g. 
conserving power requirements and reducing heat dissipation. The rate of sustained technical progress in 
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then to explain why GDP per employee failed to grow in response. Several causes have 
been suggested, but the most obvious is that diffusion of ICT remained limited across 
sectors of the economy. The upswing from the 1930s and 1940s was seen as being led 
by industries whose fundamental innovations dated back about half a century. These 
were not necessarily the fast-growing industries (synthetic materials showed very rapid 
expansion from the 1940s), but their impact on GNP was more substantial because they 
had grown to significant size. By the same token, the industries like electronics that 
were based on more recent fundamental breakthroughs were perhaps not yet sufficiently 
large in absolute size to offset weakness elsewhere. Their full impact will come when 
they became pervasive in their adoption across a wide range of user industries. The 
links between technology and scientific activity has consolidated. In ICT this was 
evident not just in areas like solid-state physics for the semiconductors, but also in new 
disciplines such as computer sciences. The still newer fields such as biotechnology and 
advanced materials owe virtually all of their development to science, much of it self-
created in similar fashion to biotechnology as a new academic discipline. Even now 
after about twenty years they have yet to become commercialized on any appreciable 
scale, much less be detectable at a macroeconomic level. It seems likely that, for a 
considerable time to come, there will be high R&D costs and only limited economic 
payoffs in such areas, though the long-term payoffs are prospectively massive. It 
remains to be seen how adequate the existing institutions will be in accommodating 
these science-led development. 

The consequence of a rising science base was the increasing knowledge-intensity of 
advanced industries and economies. This involved greater R&D-intensity by way of the 
augmented overhead costs of R&D, but it did not necessarily involve greater capital 
intensity in high tech industries. The economics of high-tech industries seemed to 
depend not on technological imperatives, nor greatly on economic circumstances such 
as the relative price of labor, but primarily on managerial-organizational determinants, 
which are conditioned by ideological and institutional factors.88 The shift from electro-
mechanical to electronic-based systems permitted substantial capital savings in many 
cases (e.g. numerically controlled machine tools and transfer lines). Although there was 
much reference to robots in production processes, robotization did not progress very fast, 
and much of the labor displaced was unskilled – requirements for skilled labor often 
rose. Software became increasingly important in ICT systems – e.g. software typically 
representing 3/4 or more of the total costs of advanced telecommunications switch. 
Software remained almost totally labor-intensive, despite attempts to automate software 

                                                                                                                                                                          
chips was unprecedented by historical standards. For most technologies there were technical trade-offs to 
be reconciled with the underlying trajectory; but in the case of semiconductors, the heuristics of 
miniaturization appeared to achieve virtually all the technical objectives simultaneously. Successive 
generation of chips proceeded in mini-waves that can be described as dynamic diminishing returns, with a 
switch to the next generation when the cost reductions attainable from the existing generation began to 
give out. 
88 Proof of this will require more cross-country comparative studies than are at present available, but the 
studies for individual countries appear to give some confirmation. In Britain, technical progress was quite 
inappropriately aimed at reducing labor per unit of output rather than expanding output. Europe as a 
whole experienced jobless growth, whereas the US did better in terms of creating employment. This 
difference has widely been blamed on excessive labor costs in Europe, but the jobless expansion in this 
region came in a period when the share of labor costs (including employer contributions) was declining. 
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development by software engineering. 

If there was any tendency towards labor rationalization and redundancies, it was not 
brought about by technological factors in the design or production of the high-tech 
equipment itself. The impact on the productive factors such as labor depend on the way 
in which ICT were actually implemented. If they were utilized in decentralized fashion 
to upgrade the quality of the labor force and its learning potential, then there was no 
good reason to save labor in greater degree than any other inputs. However, bureaucratic 
management was often driven by the logic of earlier hierarchically organized computer 
systems to use computers for increased centralization and control over the production 
processes, including labor process. In such circumstances, the adoption of advanced 
technologies in user industries could indeed take on a labor saving guise – not because 
of technological tendencies in the advanced technologies themselves but through 
managerial and organizational influences in particular sets of conditions. The issues 
were clouded by contradictory influences in regard to skilled labor, and further clouded 
by gender issues. In Japan, much greater attention was paid to improving the quality of 
the labor force, and using ICT in decentralized fashion. The managerial structures are 
very different in Japan, where the ultimate incentives to adopt microelectronics were 
seen by the industrial leaders such as Kobayashi at NEC to save time and space. Rising 
energy and material costs also brought pressure on the Japanese to save on these 
resource inputs, but the radical solutions suggested had not become commercialized 
before the relevant economic conditions changed sharply in the 1990s. For such reasons, 
we must also consider the organizational aspects in order to understand the techno-
economic evolution. 

The reliance on interchangeable parts alone was becoming too cumbersome. Producers 
were looking to adapt existing machines and tools, e.g. by re-programming. The stage 
was shifting from automation of transfer to that of control. NC machine tools held out 
greater prospects of integration into larger systems via Computer Numerical Control 
(CNC) or Direct Numerical Control (DNC), essentially aiming to forge new system 
coordination out of computer control. However, experience suggested that the organ-
izational structure had to be got right at the same time – early DNC systems mimicked 
hierarchical management by their centralized structure (built around traditional main-
frame computers), while more flexible open systems of networked computers required 
parallel managerial developments. The computerized process systems like Flexible 
Manufacturing Systems (FMS) or the ultimate hope of Computer-Integrated Manufac-
turing (CIM) had major repercussions for both labor and capital processes. 

In the literature of labor process, this shift became known as Neo-Fordism, although 
associated with the automation of control and thus more closely related to capital 
process. Human resource strategies were implemented, aiming to integrate teams of 
shop-floor workers. Management attempted some re-composition of tasks with job 
enrichment or job rotation, to increase worker commitment and broaden experience. 
The trade unions that had been re-constituted on an industry base under Fordism were 
seen as inappropriate to this company-based teamwork and learning. In the US and UK, 
their power was effectively destroyed through political and macroeconomic forces 
during the 1970s and 1980s; in others they were replaced by company unions with 
attempts to foster corporate spirit and greater egalitarianism, along the lines of Japanese 
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companies. On the capital process side, these changes implied the possibility of 
extending automation from the long product runs of classical Fordism to small-batch 
production, which still accounted for perhaps 80% of production in fields such as 
mechanical engineering. This was referred to as flexible automation. Rapid computer-
controlled changes of dies and tools meant that even one-off products could potentially 
be produced via automated methods. Under traditional hierarchical management this 
could be seen as an opportunity to wrest control from the shop floor, as a further step 
towards machine-paced work. In practice, the equipment still fell far short of the levels 
of automaticity that would have been required, and the successful strategies involved 
stepping up labor involvement rather than the opposite, especially for skilled labor. 
While Taylorism was directed at saving throughput time in a given environment, 
flexible automation was generally aimed at reducing lead-time, set-up time and down-
time in a changing environment. Technological fixes alone were rarely able to achieve 
the kind of systemic coordination. Thus the rate of implementation of advanced process 
systems that permitted full flexibility in both process and product, like FMS, and 
beyond that CIM, was quite slow. This delay stemmed from the need for integration of 
the complete system extending from design, through organization and administration, to 
marketing. 

Whereas flexible automation refers to process technologies, the literature on flexible 
specialization mostly describes flexibility in products, including product innovation. 
Moreover, flexible specialization generally considers the relationships among firms, as 
distinct from flexible automation within firms. It has been compared with the models of 
proto-industrialization, for its focus on craft industry. The typical models for flexible 
specialization have been the Silicon Valley phenomenon, the Japanese industrial groups 
or the small firms of the Third Italy. The sectoral scope for flexible specialization 
appears rather specific, while the regional scope also appears specific. It has derived 
from particular ownership and control patterns in specific regions and/or sectors, rather 
than being the ‘Second Industrial divide’ as a viable alternative to mass production. At 
the time of writing, there are anxieties that momentum has been lost, and this may be 
partly reflected in the changing political situations in Italy. 

The Japanese model involves a hub of a large firm central to the group. It, is commonly 
found in high-tech areas, and is backed up by central government legislation and 
agencies. The Italian model ostensibly involves dynamic regionally based small firms 
with independent design capability in fairly traditional sectors such as clothing, 
ceramics or furniture. In the case of Baden-Württemberg in Germany, a post-war hub-
type has been superimposed on an older decentralized SME network. The contrast can 
be overdrawn, as in practice many of he Italian small firms undertake subcontract work 
for larger firms, while in Germany there has been a partial blending of the two. 

Flexibility comes from the alleged ability to redesign products very rapidly in response 
to perceived market forces, without negotiating tiers of managerial hierarchies. The 
relatively low-tech character of the industries implies that technology is no great barrier 
to such product flexibility. The small firms have to be flexibility in functions, as 
opposed to the Taylorist notion of compartmentalizing jobs. Specialization thus takes 
place between firms, with each possessing capabilities in rapid re-design. Overall 
purpose and direction comes from combining this decentralization of production 
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capability (often family-based) through social integration, given by the sense of local 
community.89

For the Third Italy, such small-firm dynamics may be limited to the lower-tech sectors. 
This supplier dominance of the Italian model more closely resembles the Japanese or 
other systems. The hub could also be process-related rather than product-related. 
Significant process advances could thus be involved in this product-base system, like 
the speedily responsive IT system employed by Benetton. In sectors where demand led 
through fashion and style, Italian machinery producers developed strong specialized 
competitiveness. By contrast with this predominance of lower-tech industries, the US 
model has been limited to frontier high-tech sectors, as for Silicon Valley in California 
or Route 128 in Massachusetts. 

Despite this specificity, there are general lessons from flexible specialization, through 
the organizational dynamics (learning, etc.) and the attention to product as well as 
process flexibility. Product flexibility could be gained through modularization, i.e. 
robust product or process designs that permitted a large degree of inter-changeability 
between alternatives. It is clear that this is one step further up from the notion of 19th 
century inter-changeability that considered components. In medium-tech sectors, such 
as were experiencing the greatest problems in countries like the US, the lessons lay in 
trying to marry product innovation and process innovation. 

These horizontal firm linkages of flexible specialization represent one aspect of a more 
general tendency that many have detected towards the use of networks in industry. For 
low-tech industries, the networks are a response to shortening product lifecycles and to 
shift to quality-based competition. In high-tech industries, these factors remain but are 
complemented by those of increasing R&D costs and technological complexity. Thus 
producers face the possibility of ever longer and costlier development stages for ever-
shorter product markets. Networks, both formal and informal, are therefore proposed as 
ways of climbing out of this two-edged trap. US and UK industrialists found this 
environment harder to adjust to, being accustomed to arm’s length dealings – the US 
had built many industrial complexes after the Second World War, but they were not 
closely interrelated within. Both also seemed to suffer from a surfeit of the NIH 
syndrome. Strategic alliances among firms represent a formal means of networking, e.g. 
via joint ventures. Although formal alliances are by no means new, they have changed in 
focus since the 1970s. Before then, they were typically one-directional, e.g. US firms 
with high-tech knowledge seeking market access in Europe, using local European firms 
as their market entry point. With the greater equalization of technological abilities 
among Triad regions, they have become increasingly bi-directional, involving mutual 
exchanges of both know-how and markets, seeking complementarities. Second, they 
have been associated with a shift from the kinds of innovations that were internal to 
industries in the 1950s and 1960s to the more pervasive technologies externalized 
                                                           
89 In Modena in the Emilia-Romagna region of Italy, the latter was provided by local government (the 
‘communist’ party in this case), setting up local industrial parks through land expropriation and 
covenanted building programs, installing practice for finance, and offering communal marketing and 
other services to share overheads. The greatest degree of specialization took place at the district level, 
with the small family firms ion the district adopting individual designs via both beyond Marshall’s notion 
of external economics and be ‘collectively entrepreneurial’. In Baden-Württemberg, the regional 
government was noteworthy, but so also were educational establishments, trade associations, banks, etc. 
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across industries in the 1980s and 1990s. 

A static argument in favor of such collaborations is to avoid research duplication by 
rival oligopoly firms, where without collaboration they might be expected to be chasing 
similar targets. Some formal US collaborations in the 1980s such as MCC (Micro-
electronics and Computer Technologies Corporation) saw this as their main function. In 
practice, however, the motives have stressed strategic rather than static cost-reducing or 
even cost-sharing goals, such as shortening lead times or permitting greater technol-
ogical complexity. Formal collaborations have probably been greatest in industries like 
aerospace where R&D costs are especially high and the number of final products quite 
small but complex (e.g. aircraft, satellites). Informal networks developed on the basis of 
knowledge spillovers and relationships with suppliers. These too have a long history. 
With knowledge embodied in people and organizations, the spillovers were greatest 
where people migrated freely between organizations, and here the US continued well 
ahead of most rivals. In high-tech industries, districts such as Silicon Valley evolved on 
the basis of knowledge spillovers, including links to universities.90 Venture capital was 
also critical to the evolution of Silicon Valley, based on close links to the lenders. As in 
Japanese and Italian flexible specialization, the supplier relationships aim to replace 
arm’s-length market links with closer personal and community relationships. However, 
the links remain weaker than in strategic alliances.91 Both formal and informal links 
share some advantages and disadvantages. Both aim to reduce costs per product for 
individual firms belonging to the network, although the product gains as well as the 
costs will more obviously be shared among the members of formal alliances. Both can 
permit some unbundling of technical know-how, as a means to specialization within 
complex technologies, although these may perhaps be carried further in formal vertical 
links (user-producer). Both permit greater exchange of significant tacit knowledge, 
though prospective rivals may use joint ventures to limit the amount of information 
exchanged.92 In terms of disadvantages, both suffer from their own high transaction 
costs, in the guise of costs of establishing and running the network. This is probably the 
greatest single obstacle to the wider use of networks. While they often intended for the 
time saving function of speeding up change, the transaction elements may mean that 
they actually slow it down.93 Networks have existed for years (dating back well before 

                                                           
90 Many of these technologies were labor-embodied rather than capital-embodied. The New Technology 
Based Firms (NTBFs) were secured not just by brash young graduates such as Steve Jobs at Apple or Bill 
Gates at Microsoft, but by supportive outflows from established organizations such as IBM or Bell Labs. 
After a decline in the early 1980s when Silicon Valley was eclipsed commercially and technologically by 
large firms, it is now reviving on the alternative basis of supplier and customer relationships. 
91 Saxenian (1994) draws a sharp contrast between Silicon Valley, based on regional networks, and the 
high-tech region around Route 128 in Massachusetts: Silicon Valley continues to reinvent itself as its 
specialized producers learn collectively and adjust to one another’s needs through shifting patterns of 
competition and collaboration. In contrast, the separate and self-sufficient organizational structures of 
Route 128 hinder adaptation by isolating the process of technological change within corporate boundaries. 
92 Formal alliances also allow large companies to access foreign national or supranational programs, as 
for the attempts by IBM to enter EC programs during the 1980s. Informal alliances obviously permit each 
partner to behave autonomously and perhaps pursue new alliances. 
93 In formal alliances, there are managerial problems directly related to the joint venture, e.g. conflict 
between partners’ interests, imbalances of contributions, or difficulties with cost control (as in some of the 
aerospace programs). On the other side, informal networks involve ‘soft governance’ (absence of formal 
management structures) but thus rely heavily on trust. There are fears that partners will be less committed 
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industrialization), which suggest that they represent another transition phase rather than 
a genuinely new pattern of organization. It seems unlikely that the underlying causal 
factors such as rising technological complexity and shortened product lifecycles will 
subside within the next few years, in which case the networks may be here to stay for 
the foreseeable future.94

Growing pressures to develop more integrative working relationships in companies, and 
more extended and complicated sets of relationships outside (networks, etc.) greatly 
intensified the onus on management. The solution was to take management in a quite 
different direction, the Japanese system aiming at lean production, which had its 
counterpart in lean management. Large firms in most AICs were compelled to move 
away from traditional hierarchical control. The freely mobile labor markets for skilled 
and administrative labor encouraged the diffusion of new technologies. The problem 
was that such labor markets acted equally as a disincentive to generate adequate 
supplies of skilled labor in the first place – firms trained less because they feared that 
their trainees would leave shortly afterwards, probably to rivals. But the variety of the 
US NSI came to depend considerably on new firm creation through such labor mobility. 
In this respect, the US industrial structure had few serious rivals, owing to 1) the use of 
research establishments, often federally funded, as incubators, 2) comparatively 
abundant venture capital, 3) demand support from the military sector, 4) liberal IPR 
attitudes, and 5) perhaps also the effects of antitrust legislation. 

In the large corporations, top management shifted from those with manufacturing or 
engineering expertise and with hands-on experience of their line of business, to those 
with general financial, accountancy or legal backgrounds.95 They believed that they 
could step into almost any company regardless of what it produces and set it to rights. 
Fast-track managerial career paths promoted short-term attitudes to the companies. 
Much of the time of top management was in practice being devoted either to making 
acquisitions and divestments or to fighting off takeover bids, with great status 
significance but frequently of little or no economic return to their corporations.96 Top 
                                                                                                                                                                          
to joint projects than their own, because of the sharing of the gains. On the other hand, it is easy to give 
examples where un-integrated cooperative development has been more successful than in-house 
development. In the US fears have been voiced – though probably exaggerated – concerning the outflow 
of information to rival countries, and possible creation of ‘hollow corporation’ which do not undertake 
actual production but leave it to the overseas partners. These are also anxieties about alliances being 
transformed into cliques or even cartels, and thus acting against consumer interests. 
94 The current period of ‘fast history’ in technology may in due course abate, as it did following the first 
and third Kondratievs, in which case the main function of networks will have been as restructuring device. 
In the mean time, they therefore act to reconcile firm-based technological cumulativeness with 
multiplying (and practically science-based) technological complexity. It may be that they give way to 
spate of mergers and acquisitions or divestments, though there is considerable evidence that for some 
time to come they are likely to proliferate and become ‘polycentric’, with the evolution of overlapping 
and multifunction networks. At present there is some evidence that the networks are ‘lengthening’, 
although in the fullness of time it may prove more efficient to ‘shorten’ them (link final consumers closer 
to primary producers). Moves towards globalization enhance the necessity for inter-firm cooperation, e.g. 
in setting standards. Networks are thus an avenue for establishing the ‘new combinations’, which 
Schumpeter saw as characterizing the Kondratiev upswing. 
95 US mergers were severely criticized by a generation of scholars mainly from the Harvard Business 
School. 
96 Short-term perspectives lowered company loyalty through job-hopping. This also encouraged a 
stultifying duplication of products among rivals rather than genuine product differentiation, as the 
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management evaluated projects according to the financial bottom-line, typically the rate 
of return on investment (ROI). The quickest way to raise the ROI was to reduce the 
denominator, i.e. the investment, instead of raising the numerator, i.e. profits. So 
managers delayed replacements of equipment, lowered R&D and reduced training, all 
of which appeared to boost the ROI in the short-term while undermining the viability of 
the company in the long term. In general, accountancy measures were given far too 
much credence. The kind of product champion necessary to develop radical change was 
heavily discouraged in this climate. M-form companies were often in the worst position, 
as the ROI was used to allocate funding and support between the divisions and their 
distinct lines of business, and at the divisional level the figures could be massaged in all 
sorts of deleterious ways. 97  Such financial developments entrenched hierarchical 
management, making it still more aloof from the needs of shop-floor integration at a 
time when processes should have been changing drastically. Exploitative management, 
oriented to increasing its own payoffs, encourages workers to adopt conflictual behavior 
by way of response. Adversarial labor relations proved counter-productive in the short-
term and destructive in the longer-term. Nor were they the ideal basis for launching new 
technologies – dynamic learning gains were held back by leaving too little autonomy to 
production workers.  

The requirement of flexible responses to product market conditions and the 
development of profusion of formal and informal networks added to the difficulties of 
management. The weaker response was to continue with arm’s length relationships, 
rather than cultivating links with suppliers or customers. Networks arising out of 
technological or product complexity are problematic for traditional management, since 
they combine elements of both markets and hierarchies. US companies seemed much 
less extensively involved in such organized markets. The geographical expansion of US 
companies through multi-nationalism into other AICs added to managerial problems in 
similar ways – through prospectively adding more divisions to cope with the overseas 
activities, and through encountering differing managerial and economic environments in 
other countries. A common attempted solution was to adopt matrix forms of manage-
ment, with individuals being responsible to product divisions and regional divisions. 
This can easily lead to an escalation of bureaucracy, since for each function one might 
have to be answerable to nearly all regions, and conversely for each region be 
answerable for nearly all functions. Tensions between large regions were reaching crisis 
level in many large corporations by the later 1980s. 

In place of the static competition based on prices and costs, characteristic of much of 
the relatively stable postwar boom era, competition in the ensuing years has become 
more dynamic, based on product differentiation, with quality (relative to price) as the 
main issue. This is related to the shift of consumer tastes towards positional goods. This 

                                                                                                                                                                          
companies, e.g. with foreign rivals, was ducked because of the fear of eating into comfortable 
management bonuses. As for most countries, internal US attitudes to its managers veered between 
excessive self-criticism and excessive complacency. 
97 Even the older generation at the Harvard Business School, above all, Chandler, the prime advocate of 
the attractions of the M-form company, now argues that use of the ROI has been taken seriously astray in 
recent years, through being relied on the short-term allocation rather than longer-term strategic thinking. 
Others point to the distancing between divisions encouraged by financially based internal competition, 
heavily discouraging synergies and information flows among the various divisions. 
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dynamic competition is manifested in expanding product ranges and shortening product 
lifecycles. This placed a high premium on flexibility, including the development of 
equipment and procedures to speed up design and commercialization, such as 
CAD/CAM systems. The problems were exacerbated by externally-conditioned changes 
in consumer tastes, especially shifts to more environmentally friendly products in the 
wake of the energy and material crises, such as the down-sizing of motor cars. Japanese 
set the pace in dynamic competition, which entered western markets by selling medium-
high quality goods at medium-low prices. Quality control moved from being essentially 
a defensive practice by companies to being used aggressively to capture markets. In this 
manner, the Japanese success was interpreted as being based on the replacement of 
comparative advantage based on costs with competitive advantage based on strategic 
foresight, and technology and product positioning. Organizational changes permitting 
success in dynamic competition (flexible automation, flexible specialization, and 
dynamic networks) were major ingredients of competitive advantage, but dynamic 
management was necessary to bring them about. 

What was happening in the convergence of services and manufacturing was the aspects 
of an increasing complexity and inter-relatedness of the structure of industries. Firms 
are responsible for developing production processes and administrative structures in 
order to link particular technologies to particular products. In this period there was 
increasing diversity of products and technologies.98 Applicable science itself becomes 
far more interdisciplinary. Thus the scientific and technological complexity of each 
individual product was rising. At the same time, pervasive technologies (most obviously 
micro-chips) were being installed in an ever-widening range of products. Even older 
products were de-maturing and drawing on this broadening range of technologies. 
Moreover, production of top-end, high-quality items, such as certain brands of vehicle, 
necessitated commitment to technology as well as design. Many more technologies are 
required to produce a single product, and many more products are produced from a 
given technology. The managerial implications were intensely complicated. Some 
companies sought to specialize in particular products but increasingly found their grasp 
of technologies inadequate, while others sought to specialize in particular technologies 
but then found themselves losing product markets. The least effective strategy for most 
western companies was trying to persevere with the whole rapidly extending range of 
both technologies and products in a particular industry. Diversification was inevitable if 
the companies were to continue to grow, but that diversification just as inevitably 
imposed rising costs, at least in the short term. As the core technological paradigm 
shifted towards ICT, firms acquired, divested or exchanged particular businesses as 
often as whole companies. 

In most cases, it did not prove possible to track all the technologies plus all the products 
in-house, even after the reshuffling of company boundaries through mergers, etc. This 
helps explain the growing importance of formal and informal networks – the mapping 
of relationships between technologies and products was becoming hugely complicated 
in many cases and traditional firm and even industry boundaries were losing their 

                                                           
98 For example, new advances in computing in the late 1980s involved not only solid-state physics by way 
of science/technology background, but computer science (software), optical communications (fiber 
optics), opto-electronics (displays), modular electronics, neural biology (neural networks) and so on. 
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rationale. The obvious need and most difficult accomplishment was to develop 
heuristics for ‘systemic coordination’ to realize economies of scale, in the context of an 
even-moving target. Much of the economics and management literature emphasized 
lead times and the advantages of being a first mover. This assumes a high degree of 
appropriability of the new technology/product structure. But such innovation often 
carried with it high costs in developing either the technologies or the product markets. 
In practice, the reduction in costs of imitation as compared with innovation often titled 
the balance of advantage towards the fast second strategy, which required additional 
incremental innovation to produce cheaper or better new products. If this succeeded – in 
circumstances where the first movers were not able to capture all the signs – it could 
prove highly profitable. 

The rapid diversification of products was also accentuated by the globalization of 
product competition. This does not mean a convergence of world product types to the 
extent of selling the same goods in the same way in all world markets. Attempts by 
large motor vehicle companies to create a world car in the 1970s failed, mainly because 
of the very differing natures of major markets, though further attempts are going ahead 
in the 1990s. Instead the objective of companies is to tailor their products to the needs 
of specific markets, while retaining a degree of technological and organizational 
synergy. Globalization still has a long way to go outside of marketing, and most 
evidently so in the development of technology. The term globalization has been coined 
as an allegedly more accurate description of the current situation. The technology of 
particular firms has become more internationalized in product markets that are most 
differentiated from country to country, be it high-tech products such as pharmaceuticals 
or low-tech products like building materials. This comes from the need to adapt the 
product in question to local needs. 

 

 

Appendix 1. Innovations in Electronics 
The three basic innovations in electronics are 1) the electronic vacuum tube invented in 
1910, 2) the transistor invented in 1951, and 3) the semiconductor integrated circuit (IC) 
chip invented in 1959. The IC chip replaced electronic circuits composed of transistors 
and other components wired together. 

Electronics was the new technology in the beginning of the 20th century, which was 
made possible by a key technological component, the electron vacuum tube. The 
science underlying the vacuum tube had been discovered in the 1800s, when physicists 
saw that electrons could travel in a vacuum. The electron tube became a “voltage 
control valve”. The first use of voltage control was to amplify electrical voltage signals: 
this allowed the development of long-distance telephone, radio communications, and so 
on. By the mid-1930s, scientists at Bell laboratories anticipated replacing the electron 
vacuum tube with a better device. A new theoretical advance in physics in the 1930s 
(quantum mechanics) was providing a new way to understand electronic properties of 
solid materials.99 One of the early inventions was the discovery that germanium crystals 
                                                           
99 Baedeen, J. (1984), To a Solid State, Science 84, 143-145. 
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could be used to detect radio signals. Moreover, it was found that silicon crystals could 
convert light into electricity and change alternating current to direct current. These 
interesting materials were called “semi-conducting” materials. Scientists at Bell labs set 
up a research program, “solid-state physics.” The research group, reconstituted after the 
war, learned that by doping other atoms into non-conducting materials (germanium or 
silicon) during the crystal’s growth, electricity would be conducted by the extra 
electrons introduced by the other atoms. So, by doping other atoms into germanium or 
silicon, one could control the type and amount of conductivity – hence the name semi-
conducting. The group invented a new device – transistor –that would substitute for 
electron vacuum tube in electronic circuit. In 1956, the members of the group (Shockley, 
Brattain and Bardeen) were awarded the Nobel prize in physics. AT&T acquired a basic 
patent for the transistor and made transistor for its own use. AT&T licensed others to 
make them for other uses. 

The electron vacuum tube began the first age of electronics and the transistor began the 
second age of electronics. This was a radical innovation that set off a long period of 
further innovation. The germanium transistor suffered from serious technical problems. 
Many electronic engineers appreciated the new technology but yearned for a more 
reliable, less temperature-sensitive version of the transistor. The obvious route for most 
researchers was to try to make a transistor not from germanium but from its sister 
element, silicon. A research group (G. Teal, W. Adcock) based in a small company, 
Texas Instruments (TI) invented the silicon transistor in the mid-1950s. In the late 1950s, 
electrical engineers were using the new silicon transistor for many advanced electronic 
circuits. The transistors were so useful that a new problem arose in electronics: the new 
complex circuits require so many transistors that no one could physically wire them 
together into printed circuit boards. A new natural limit was on the horizon for transistor 
electronics. The new integrated circuit on the silicon chip was invented by J. Kilby at TI 
and by R. Noyce at Fairchild Semiconductors.100 The inventive idea of the IC chip was 
that other circuit elements (resistors and capacitors) could also be fabricated on a single 
slice of silicon – i.e., to make the whole circuit on a silicon chip. The key inventive idea 
was in the form of the logic of arrangement of the technology, not in the form of a 
change in phenomenal base. After the innovation of the IC chip in 1960, the rate of 
technical progress occurred as a sequence of exponential phase through next-generation 
technology research and implementation. The technology performance parameter is the 
number of transistors that could be fabricated on a chip. Since transistors worked as 
electronic valves, and at least one valve is usually needed in a circuit for one logic step, 
increases in the numbers of transistorized valves on a chip correlate with increases in 
the complexity of functionality for which a chip can be used. In 1970, the feature size of 
a transistor was about 12,000 nanometers wide. In 1980, feature size was down to 3,500 
nanometers, and in 1990, 800 nanometers. In 1997, feature size was down to 300 
nanometers (a nanometer is one billionth of a meter, a human hair has the width of 
about 100,000 nanometers). This reduction in feature size was allowing for the 
production of chips with greater densities of transistors. These changes in size reduction 
and transistor density had been anticipated by the semiconductor chip industry.  

Although the US invented the transistor and provided leadership in innovating 
                                                           
100 Reid, J.J. (1985), The Chip, Science 85, 32-41. 
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transistors into computers and into defense electronics, it was the Japanese firms that 
took the leadership in innovating transistors into the consumer electronics of radios, 
high-fidelity audio, and television in the 1970s. In the early 1970s, the US consumer 
electronic firms were beginning to die, with Japanese imports taking over the US 
market. In 1970, Japanese electronic firms did not yet produce IC chips, only transistors. 
Japanese government decided that national production of IC chips was essential if 
Japan’s electronics industry were to continue its growth. By 1970, the densities of chips 
increased to hundreds of transistors on a chip, which was called middle scale integration 
(MSI). After 1972, densities of transistors on a chip leapt to thousands of transistors, or 
large-scale integration (LSI). In the middle of the 1970s, the technology put tens of 
thousands of transistors on a chip. In 1970, Japanese government sponsored a large-
scale integration (LSI) next-generation technology project, which intended to bring 
Japanese firms into current technical competitiveness with US chip firms.101 The 
projects were aimed at inventing and understanding new processes to refine the 
production process of chips to increase transistor density – i.e., to make the transistors 
smaller. The first electronics product to use LSI technology capability was the 16K 
memory-chip for computers (16K DRAM), which was innovated by US firms and by 
Japanese firms in 1976. By 1979, the demand for 16K chip was so high that US firms 
could not satisfy the demand in the US. Japanese firms exported to the US to gain 20% 
of that market. US computer manufacturers were surprised to find that the Japanese 16K 
memory chips were of higher production quality than US produced memory chips. So, 
by 1980, the Japanese electronics firms were fully competitive with the US in memory 
chip technology and even more advanced in manufacturing practice. In the 1980s, the 
state of technology in the semiconductor chip industry was aiming at a next-generation 
of technology, then called very-large-scale integration (VLSI), which was to provide 
millions of transistors on a single chip. In 1981, the race was on to be the first to 
innovate the 64K memory-chip. US firms designed a 64K chip with some refined 
features over the 16K-chip design. In contrast, Japanese firms took a standard 16K 
design to the 64K level, for they understood the importance of being the first to the 
market. This resulted in a slightly larger sized chip, but this made little difference to the 
customer. What mattered to the customer was who produced the chip first and with the 
highest quality. That race went to the Japanese electronic firms. In November 1981, 
Japanese firms introduced the 64K memory-chip, and US firms followed 9 months later. 
Those 9 months were critical. By the end of 1982, Japanese firms held 76% of the 
memory chip market, and US firms would never recover. 

Appendix 2. The Pharmaceutical Industry and Biotechnology Industry 
Until the 1930s, the pharmaceutical industry produced only a limited number of un-
patented products and marketed without prescriptions. The industry was transformed 
due to advances in biological science from outside the industry. In the 1930s, scientists 
discovered a series of natural products important to health – among them, vitamins and 
hormones. These discoveries were made in universities, supported by private 
foundations. These newly discovered vitamins and hormones were next manufactured 
by the pharmaceutical industry. They conquered age-old disease. The second 
contribution to the industry came from medically discovered anti-infective drugs that 
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came from compounds synthesized by the chemical industry. In 1908, chemists in the 
laboratories of the German firms, I.G. Farben synthesized a dye called sulfanilamide. In 
1932, Gerhard Domagk, an I.G. Farben scientist, experimented with a derivative of 
sulfanilamide to see if it could kill streptococcal infection, which was first used in 1933 
in a trial on a human being, successfully treating blood poisoning. This discovery led to 
a series of experiments using sulfa-based chemicals for treatments of bacterial 
infections. This became a second high-tech product-line for the pharmaceutical industry. 
The third class of major pharmaceutical drugs also originated in a university. In 1928, at 
Oxford University, Alexander Fleming discovered that a bread mold could kill bacteria; 
he named the effective chemical compound penicillin. However, it was not until 1939 
that pure penicillin was chemically isolated by Howard Florey and Ernst Chain. In 1939, 
British and US scientists urged their governments to support the development of mass 
production of penicillin to assist in healing wounded soldiers. In the early 1940s, the US 
government provided $3 million to support industry and university to research the 
production of penicillin. Furthermore, the US government provided funds to US 
pharmaceutical firms to build plants for the wartime production of penicillin. With these 
technological bases the pharmaceutical industry rapidly changed after the war ended. Its 
leadership saw the importance of research and the product opportunities to explore 
variations on sulfa and penicillin drug formulations. Pharmaceutical firms built 
corporate research laboratories and expanded divisional research laboratories. From the 
1950s through 1970s, pharmaceutical firms became a high-tech industry, bringing many 
new drugs onto the market and supporting research with very large R&D budgets.102

Biological research from 1870s to 1970s established the science base for the new 
biotechnology industry that began in the late 20th century. The final scientific event in 
creating science base for the new biotechnology was a critical biology experiment 
performed by Stanley Cohen and Herbert Boyer in 1972 that invented the technique for 
manipulating DNA –recombinant DNA. The scientific ideas that preceded this 
experiment began about 100 years earlier. These ideas were directed toward answering a 
central question in science: How is life reproduced? This answer requires many stages 
of research to be performed: 1) investigating the structure of the cell; 2) isolation and 
chemical analysis of the cell’s nucleus and DNA; 3) establishing the principles of 
heredity; 4) discovering the function of DNA in reproduction; 5) discovering the 
molecular structure of DNA; 6) deciphering the genetic code of DNA, and inventing 
recombinant DNA techniques.  

By the early 19th century, scientists used an 18th-century invention, the microscope, to 
look at cells. In 1838, C. Ehrenberg was the first to observe the division of the nucleus 
when a cell reproduced. In 1842, K. Nageli observed the rod-like chromosomes in the 
nucleus of cells. In 1869, a chemist, F. Miescher, reported the discovery of DNA, by 
precipitating material from the nuclear fraction of the cells. In 1873, A. Schneider 
described the relationships between the chromosomes and various stages of cell division. 
In 1914, E. Fisher had attempted the chemical synthesis of a nucleotide; but real 
progress was not made in synthesis until 1938. Chemical synthesis of DNA was an 
important scientific technique necessary to understand the chemical component of DNA. 

                                                           
102 National Academy of Engineering and National Research Council (1983), The Competitive Status of 
the US Pharmaceutical Industry, National Academy Press: Washington DC. 
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By the end of 1930s, the true molecular size of DNA had been determined. In 1949, C. 
Carter and W. Cohen found a chemical basis for the differences between RNA and DNA. 
By 1950, DNA was known to be high-molecular-weight polymer with phosphate groups, 
linking deoxyribonucleotides between 3 and 5 positions of sugar groups. Almost 100 
years had passed between the discovery of DNA and the determination of its chemical 
composition. 

From 1900 to 1930, while the chemistry of DNA was being sought, the foundation of 
modern genetics was also being established. Understanding the heredity began in the 
19th century. With Darwin’s epic work on evolution and with Mendel’s pioneering work 
on genetics. Modern advances in genetic research began in 1910, with T. Morgan’s 
group researching heredity in the fruit fly. Morgan demonstrated the validity of 
Mendel’s analysis and showed that mutations could be induced by X-rays, providing 
one means for Darwin’s evolutionary mechanisms. By 1922, Morgan’s group had 
analyzed 2000 genes on the fruit fly’s four chromosomes and attempted to calculate the 
size of the gene. Müller showed that ultraviolet light could also induce mutations. 

While the geneticists were showing the principles of heredity, the mechanisms of 
heredity had still not been demonstrated. In 1940, G. Beadle and E. Tatum demonstrated 
that genes control the cellular production of substances by controlling the production of 
enzymes needed for their synthesis. The scientific stage was now to understand the 
structure of DNA and how DNA’s structure could transmit heredity. Before technology 
could use this kind of information, one more scientific step was necessary – 
understanding the structural mechanisms. This step was achieved by a group of 
scientists (later called the “phage group”) and would directly give rise to the modern 
scientific specialty of “molecular biology.”103 (In 1995, J. Watson, F. Crick and M. 
Wilkins were awarded the Nobel Prize in biology.) By the early 1960s, it was clear that 
the double-helix structure was molecularly responsible for the phenomenon of heredity. 
Proteins serve as structural elements of a cell and as catalysts (enzymes) for metabolic 
processes in cells. DNA provides the structural template for protein manufacture, 
replicating proteins through the intermediary templates of RNA: DNA structures the 
synthesis of RNA, and RNA structures the synthesis of proteins. What was not yet clear 
was how the information for protein manufacture was encoded in the DNA. In 1965, M. 
Nirenberg and P. Neder deciphered the basic triplet coding of the DNA molecule. Thus 
in one hundred years, science had discovered the chemical basis for heredity and 
understood its molecular structure and mechanistic function in transmitting of heredity 
information. 

Several scientists began trying to cut and splice genes. By the 1972, it was learned that 
any two DNA molecules exposed to EcoRI enzymes could be “recombined” to form 
hybrid DNA molecules. Nature had arranged DNA so that once cut, it re-spliced itself 
automatically. In 1973, S. Cohen and Boyer had completed three splicing of plasmid 
DNAs. After one hundred years of scientific research into the nature of heredity, 
humanity could now begin to deliberately manipulate genetic material at the molecular 
level – and a new industry was born, biotechnology. By 1996, the biotechnology 
industry had created 35 major therapeutic products, which then had total annual sales of 
more than $7 billion. But the industry was not initially as successful as early investors 
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had hoped. The first biotech firm, Genentech raised $30 million in a public offering in 
1981, but by 1996 it was not, as earlier hope, a large pharmaceutical firm. It was 
profitable, but with a majority ownership by an established, large pharmaceutical firm. 
Genetech illustrates the rough road to commercial success that all the new biotech firms 
go through. In the 1990s, most of the marketing of new biotech therapeutic products 
were through these established pharmaceutical firms rather than the new biotech firms 
that pioneered pharmaceutical recombinant DNA technology. Early expectations, in 
hindsight, considered naïve, were that drugs based on natural proteins would be easier 
and faster to develop. However, biology was more complex than anticipated. For 
example, alpha interferon took ten years to be useful in antiviral therapy. When 
interferon was first produced, there had not been enough available to really understand 
its biological functions. The production of alpha interferon in quantity allowed studies 
and experiments to learn how to begin to use it therapeutically. This kind of 
combination – developing the technology to produce therapeutic proteins in quantity 
and to use them therapeutically – took a long time and much development costs. 

The innovation process for biotech industry in the US included 1) developing a product, 
2) developing a production process, 3) testing the product for therapeutic purposes, 4) 
proving to the FDA that the product was useful and safe, and 5) marketing the product. 
Recombinant DNA techniques were only a small part of its innovation expenditures. 
The testing part of the innovation process to gain FDA approval took the longest time 
(typically 7 years) and the greatest costs. Because of this long and expensive FDA 
approval process, extensive partnering continued to occur between biotech firms and 
established pharmaceutical firms. In 1995, pharmaceutical firms spent $3.5 billion to 
acquire biotech companies, and $1.6 billion on R&D licensing agreements.104

                                                           
104 Abelson, P.H. (1996), Pharmaceutical Based on Biotechnology, Science 273, 719. 



4. Technology, Competition, and Industrial Dynamics 

4.1 Industrial Dynamics and Innovation processes 

The system concept of technology 
The key to successful technology innovation begins with conceiving of a technology as 
a system. The system concept of technology allows firms to plan technological progress. 
A firm can create and support research programs to advance technology by means of 
technology planning.1 The aspects of a new technology that management should begin 
to think of are function, customer, application, and critical performance. 

The purpose to which a technology is put is called application; the ability to do some-
thing for that application is called its functional capability; and how well the technology 
performs with that ability for the application is called its performance. The technology 
is not yet ripe until the performance of a new technology is sufficient for customers’ 
application. The critical performance measure is the minimum performance necessary 
for the technology to do an application for a customer. 

Technology is the knowledge of the manipulation of nature for human purposes. Nature 
used by technology, in natural states or in technologically manipulated states, is still 
nature. Different ways of manipulating natural states can produce different versions of 
technology. All technologies are based on human purposes, which are expressed through 
the logic of the manipulation. The purpose of the manipulation of a technology is 
embedded in the logical schematic of the technology. Technologies are mappings of a 
schematic logic that expresses the functional transformation against a sequence of 
phenomenal states that provides the natural basis of technology. These two aspects can 
be called the schema and morphology of a technology system. The inventive creation of 
a new technology is a devising of schema, morphology, and a one-to-one mapping 
between schema and morphology. 

A technology system is a configuration of parts whose operation together provides a 
functional transformation. It is a specific configuration of a technology focused by an 
application. Different technology systems provide the similar functional capability but 
with different features and performance. Since any technology system has a specific 
schematic logic and morphological architecture, changes occur in logic or morphology. 
The general morphological form of any technology system consists of: 

– Boundary of the system 
– Construction material of the system 
– Parts of the system 
– Connections between parts of the system 
– Control subsystem 

                                                           
1 The basic management problems about technological innovation are 1) how to foster important 
inventions and 2) how to develop these inventions into commercially successful innovations. These 
problems are not easy to solve. Very few inventions are novel and important. Of these, very few 
inventions ever get innovated. And of these, very few innovations are commercially successful. 
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Technology occurs in different system configurations; which particular configuration is 
selected depends on how the technology system is used – its application. An application 
is also a system, transforming inputs into desired outputs that accomplish a purpose. An 
application system consists of: 

– A major device system and all the technologies embodied in the device 
– Key peripheral systems and all the technologies embodied in the peripherals 
– Strategies, tactics, and control technologies for using the major device system and 

peripheral systems in the application 

The concept of a technology system focuses on the techniques for attaining a functional 
capability. An application system focuses on how a functional capability is used by a 
customer. The concept of a major-device system of an application involves the primary 
technological skill used in an application. Strategies, tactics, and control technologies 
for an application focus on how a customer uses a major device system and peripherals 
in an application. The term technology is used to cover several of these meanings: 

– Technology as invention: the generic concept of technology (flight) 
– Technology as system: the different configurations of technology (helicopter or 

airplane) 
– Technology as application: the different application context of technology (military 

or commercial transportation) 
– Technology as artifact: the different devices embodying technology systems that 

are used in an application (helicopter, airplane). 

The concept of core technology provides significant opportunities for cost reduction and 
for product differentiation. The core technologies that are developed and held in-house 
for competitiveness are proprietary core technologies of the firm. The more rapidly 
changing technologies provide a kind of pacing of the rate of technological change for 
the business. For the management of technology, these pacing technologies are the most 
important to watch and manage. Core technologies are uniquely necessary to the 
product, production, or service systems of an industry. Supportive technologies may not 
be unique in that they may be substitutable. Some of the core or supportive technologies 
that will be changing at a much faster rate than others may be called the strategic 
technologies. Strategic core technologies can be called ‘pacing’ technologies. 

Industrial dynamics 
The rate of change of the core technologies of a product affects the dynamics of the 
market growth of the industry. A chart of market volume over time for an industry 
would reflect the underlying maturation of the core technologies of its product. The 
general pattern of growth for a new industry began on a basic technological innovation. 
Market volume does not begin to grow until the application launch phase of the new 
core technology begins with an innovative product. The first technological phase of the 
industry will be one of rapid development of the new product, during the applications 
growth phase. When a standard design for the product occurs, rapid growth of the 
market continues. Industrial product standards are critical for the growth of a large-
volume market. Industrial standards ensure minimal performance, system compatibility, 
safety, and so forth. 
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Figure 4.1 Technology Lifecycle 
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The patterns of early innovations in a new technology-based industry will be, first, 
product innovations (improving the performance and safety of the product); later 
innovations shift to improving the production process to make the product cheaper and 
with better quality. The rate of product innovations peaks about the time of the 
introduction of a design standard for the new-technology product. Thereafter, the rate of 
innovations to improve the product declines, and the rate of innovations to improve 
production increases. The number of firms peaks around the time of the design 
standardization in the industry, and declines over time to just a handful of firms. This is 
a general pattern seen historically in all national or global market-based manufacturing 
industries. During the product design standardization phase, the rapid winnowing-out of 
many firms occurs. This happens even as the market grows dramatically. As the industry 
enters a mature technology phase, international competition becomes very important, 
and firms struggle globally for international markets. The general form of the core 
technology lifecycle and its impact on the number of competitors in an industry has 
been seen historically in many industries.2 As the core technologies mature, products 
become relatively undifferentiated in technical performance. Price and quality of the 
product become the primary competitive factors. Products then are often called 
‘commodity-type’ products, since they all look technically alike. All high-tech products 
eventually become commodity-type products as the industry lifecycle matures. The 
survivors are low-cost, high-quality producers and producers that have established 
national distribution capability. 

The core technology lifecycle is an over-simplification of the dynamics of industrial 
structures. An important complication results from the structuring of an industry by 
product lines. The application of a new-technology-based industry often facilitates 
specialization in an industry around product lines. A product-line is a class of products 
embodying similar functionality and technology, and produced by similar production 
                                                           
2 Utterback and Suarez (1993) charted the numbers of competitors over time in several industries: autos, 
TV, tubes, typewriters, transistors, supercomputers, calculators, and IC chips. Utterback, J.M. and F.F. 
Suarez (1993), Innovation, Competition, and Industry Structure, Research Policy 22, 1-21. 
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processes. Product lines in an industry are classes of a generic product that different 
groups of firms in an industrial sector produce for different application systems.3 
Product lines can evolve within an industry to serve different broad market niches and 
different broad applications. Product lines can evolve from advancing technology.4 A 
product line has a finite life when there is a later substitution of a technically superior 
product line for a prior product line. Product-line lifetimes are determined by technical 
obsolescence. When technology changes sufficiently, product lines undergo sufficient 
change as to render prior product lines obsolete. 

When a next generation of a technology system of a product is innovated, then the 
product line changes, making the earlier product line obsolete and introducing a next-
generation product-line. When a specific product line is replaced by a next-generation 
product line, this is called a product-line lifetime. An industrial sector producing a 
technically obsolete product line will become industrially obsolete. An industrial core-
technology lifecycle can become a composite of several core technology lifecycles 
when there is a series of next-generation product lines in that industrial sector. The 
societal function of an industry never becomes obsolete; however, key technology that 
an industry uses to serve that function may become obsolete. An industry becomes 
obsolete and dies only when a substituting technology develops to replace the key 
technologies of the existing industry.5 A new high-tech industry begins from new core-
technologies based on new scientific advances – scientific technology. A periodic 
renewing of the high-tech nature of an industry depends on scientific progress that can 
create new core technologies for the industry. The dynamic pattern of market growth in 
a new high-tech industry depends on the rate of technological innovations in core 
technologies of the industry’s products and production. 

Science has provided the knowledge base for scientific technology. All basic research 
and much applied research are scientific research. Other applied research and all 
developmental research are technology research. Science is a set of activities for 
research about nature. The explicit goals of scientific research are to discover new kinds 
and aspects of nature and to understand nature through observation and experimentation, 
resulting in the development of theory. Scientific knowledge accumulated through 
observation and experimentation is abstracted into scientific theory and validated by 
further observation and experimentation. Scientists require new instrumentation to 
discover and study things. In the case of genetic engineering, the microscope, chemical 
analysis techniques, cell culture techniques, X-ray diffraction techniques, and the 
electron microscope were some of the instruments required to discover and observe the 
gene and its functions. Involved in these studies are various disciplinary groups 
specializing in different instrumental and theoretical techniques: biologists, chemists, 
and physicians. Scientific progress takes much time, patience, continuity, and expense. 
Instruments need to be invented and developed. Phenomena need to be discovered and 
                                                           
3 In the automobile industry, different product lines emerged according to different applications of land 
transportation: passenger cars, trucks, motorcycles, and tractors. After the First World War, the heavily 
armored military tank emerged as a fifth product line. 
4 An example is the computer industry, which has organized around mainframes, minicomputers, work-
stations, and personal computers.  
5 Throughout the 20th century, the auto industry never became obsolete, because there was no effective 
substitution for the key technologies of the internal combustion engine fueled by petroleum. 
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studied. Phenomenal processes are complex, subtle, multi-leveled, and microscopic in 
mechanistic detail.6

From an economic perspective, science can be viewed as a form of societal investment 
in the possibilities of future technologies. Since the time for scientific discovery is 
lengthy and science is complicated, science must be sponsored and performed as a kind 
of overhead function in society. Without the overhead of basic knowledge creation, 
technological innovation eventually stagnates for lack of new phenomenal knowledge 
for its inventive ideas. Once science has created a new phenomenal knowledge base, 
inventions for a new technology may be made by either scientists or by technologists 
(e.g. scientists invented the recombinant DNA techniques). These radical technological 
inventions start as a new technology S-curve. This is the time to begin investment in a 
technological revolution and to begin new industries based on it. When the technology 
is pervasive across several industries (as genetic engineering is across medicine, 
agriculture, forestry, marine biology, material, etc.), the technological revolution may 
fuel a new economic expansion. The long waves of economic history are grounded in 
scientific advances that create basic new industrial technologies. There are general 
implications for management. Corporations should be supportive of university research 
that focuses on fundamental questions underlying core technologies of the corporation. 
Corporations need to perform some active basic research in the science bases of their 
core technologies to maintain a ‘window on science’ for technological forecasting. 

Figure 4.2 Technology S-curve 
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Science constructs mathematical models of nature, which can be used for prediction of 
technical performance when nature is manipulated. By predicting technical performance, 
an engineer can design (prescribe) the degree of performance required for an application 
of the technology. Both scientific theory and observation/experiment are useful to 
technology. Scientific methodology has turned out to be critical to the invention of new 
                                                           
6 In the case of gene research, the instruments of the microscope and electron diffraction were critical. 
Phenomena such as the cell structure and processes required discovery. The replication process was 
complex and subtle, requiring determination of a helix structure and deciphering of nature’s coding. 
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technologies and to the systematic improvement of technologies. The power of the 
scientific mechanistic perspective enables technologists to understand and predict the 
phenomena underlying a technology. Predicting the phenomena underlying a technology, 
in turn, enables technologists to prescribe technical performance of the technology. 

In modern times, all the major new technologies have been invented based on scientific 
progress. Scientific technology is a manipulation and use of nature for human purpose, 
based on recognized scientific phenomena. The effective use of universities and other 
sources of research partnerships may depend on managing the partnerships. One answer 
to how best to perform university-based science for industry lies in the concept of next-
generation technology. Over the last two decades, the US National Science Foundation 
has provided support of university/industry research cooperation, through which it has 
identified an effective concept for coupling university science to industrial technology 
needs: the idea of university and industrial research projects around the vision of next-
generation technology.7 University basic research cannot be planned for a radically new 
technology, but it can be planned for a next-generation technology (NGT) system. This 
is an appropriate goal for universities and industries to perform together. Incremental 
innovation is an inappropriate goal for university research, since industrial research is 
best positioned for this. After a basic invention, research can be planned by focusing on 
the generic technology system and its underlying physical phenomena. NGT research 
advances a previously existing technology and thus can be planned. NGT-targeted basic 
research can be planned for generic technology systems and subsystems for product 
systems and production systems, and physical phenomena underlying the technology 
systems and subsystems for product systems and production systems. Science can be 
focused on the physical phenomena underlying technologies, and targeted or focused 
basic research can be scientific research motivated by any of the above. University and 
industry strategic partnerships for research on NGT can be an excellent way for 
university science to be planned for industrial needs. 
An innovation process covers the intellectual grounds from science (the origin of basic 
knowledge about nature), to technology (invention of means to manipulate nature), to 
design of products and processes that utilize such invention for commercial purposes. 
To manage technological change, it is useful to have an overall picture of innovation 
processes, the procedures by which technological innovation occurs in a society and in a 
firm. In a modern R&D infrastructure, research in industry is focused primarily on 
advancing technology, and research in universities is focused primarily on advancing 
either science or generic technology. Published knowledge from these researches 
follows different information tracks. In the science track, the current state of scientific 
knowledge is achieved in scholarly journals of disciplinary-focused scientific and 
professional societies. Textbooks codify this knowledge and communicate it to the next 
generation of scientists, engineers and other professionals through education courses at 
the undergraduate level, graduate level, and continuing education. From an under-
standing of parts of the current state of scientific knowledge, researchers in scientific, 
engineering, and professional disciplines pose fundamental questions to advance the 
state of knowledge in their disciplinary specialties. These fundamental questions are 

                                                           
7 Betz, F. (1997), Industry/university Centers in the USA: Connecting Industry to Science, Industry and 
Higher Education, 349-354. 
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framed as research projects with prescribed methods to obtain answers. From successful 
research projects come research publications in scholarly journals, which add to the 
previous scientific knowledge. The research publications are put into an open literature 
of international science so that the science bases of technology are in the public domain. 
Only temporary legal monopolies are possible for technology, due to patent laws; but 
this is always a limited period. The knowledge base of technology is essentially open in 
the long term. 

Figure 4.3 Science and Technology Research Track 
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New technology arises in the technology track from invention occurring in research 
projects in this track. In the technology track, industrial R&D strategy provides the basis 
for focusing and funding most technology research projects. These research projects use 
information from the current state of scientific knowledge, science and engineering and 
professional disciplines, and scientific research publications. The arrows connecting the 
science and technology research tracks indicate these knowledge contributions of 
science to technology. Textbooks and handbooks from the general state of scientific 
knowledge and from particular provide the underlying knowledge base of facts, theories, 
instrumentation, and methods. Successful technology research projects do not usually 
result in research publications, but in inventions that are further developed in design and 
development projects, since technology is a private good in improved products, 
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production, or services. Novel and fruitful new ideas in technology are sometimes 
published in the form of patent, since the patent provides temporary proprietary rights. 
Technology development projects are aimed at new or improved products, production or 
services. As appropriate, new products or services need to be produced at a pilot plant 
level and tested before initial production and marketing begin. 

The goal of the science research track is to increase public knowledge about nature, 
whereas the goal of technology research track is to increase private economic benefits. 
There are many intellectual interactions between these two tracks. The science and 
engineering disciplines take many problems for research from industrial research 
projects. And industrial research projects take much information from science and 
engineering disciplines and from scientific research publications. 

At the micro-level, the logic of technological innovation begins with invention and 
moves into development and design. The first goal of early R&D after invention is to 
stage a technology-feasibility demonstration of the invention to show that the invention 
works. The next logical step is to improve the working of the invention enough to show 
that it can perform in an application; this result is displayed as a functional prototype. 
After this, the next logical step is to improve the working of invention further, to show 
that it has the features, safety, and size to work in a product or service; this is called the 
engineering prototype. The next logical step is to design the invention-embedded 
product, process, or service for a salable good or service; this is called an engineering 
design. The last logical step is to redesign the product, process, or service into the form 
that can be produced in volume at quality and cost targets: this is called manufacturing 
design. 

– A technology-feasibility demonstration of an invention shows that the invention 
works. 

– A functional prototype shows that the invention performs well enough for a market 
application. 

– An engineering prototype shows that an invention has the features, safety, and size 
to be designed as a product for the market application. 

– An engineering design embeds the invention into a designed product, process, or 
service that can be sold into the market. 

– A manufacturing design redesigns the product/process/service for production in 
volume and at quality and cost targets. 

Next a production system needs to be developed and designed to produce the product, 
process, or service. A prototype production process shows a production system that can 
produce a product, process, or service at volume, throughput, quality, and costs targets. 
Then the investment must be made in constructing the production process and 
producing a large enough initial inventory of the production to begin selling it. Learning 
to produce a new product in large volumes at high quality and to reduce cost is a 
continuing process after the initial innovation. Technological innovation begins with 
invention of a new product concept, and proceeds in stages of developing a product and 
production. The problem of managing technology thus requires two activities: 
encouraging invention and managing successful innovation. 

4.2 Management of Technology 



100                                    Long-Run Economic Growth and Technological Progress 
 

In 1986, a group in the US assembled in a National Science Foundation workshop to 
encourage the recognition of management of technology (MOT) as a distinct field of 
study. This workshop was organized by the National Research Council of the National 
Academy of Science, and resulted in the publication of a brief pamphlet titled 
“Management of Technology: The New Challenge” (National Research Council, 1987). 
This group emphasized that the challenge of MOT consists of integrating knowledge 
about technological innovation in the interface between the disciplines of engineering 
and management. At the macro-level of strategic focus in MOT were concerns about 
how to formulate and implement science and technology policy for national economic 
growth. At the macro-level of operational focus were concerns about how to best 
manage the innovation processes that create national capability for technological 
progress. In contrast, at the micro-level of operational focus were concerns about how to 
best manage engineering and R&D activities within a firm, and at the micro-level of 
strategic focus were concerns on how to formulate and implement technology strategy 
within a firm. New MOT concerns had been added by the mid-1990s: 1) the need to 
manage advances in software-based service technologies and 2) the need to manage the 
integration of service and manufacturing technologies. Service technologies consist of 
software-based information and communication and control systems. In manufacturing 
technologies, the importance of software component has increased dramatically, with 
the cost of developing the software aspects of manufactured products often dominating 
the cost of developing the material aspects of these products. Moreover, it is now of 
great importance to integrate technical progress in both the service and manufacturing 
technologies of a firm. The impact of computer and communication technologies has 
even affected how we think about what constitutes effective management practices. 
Information technology has fostered powerful new software tools for management, by 
means of which operational processes and procedures are controlled. 

Since the mid-1980s, the number of educational programs in MOT has increased greatly. 
Generally, the students in the educational programs are employed either in government 
or contractors to government, or in civilian sectors of industry. MOT training for the 
two sectors requires different curriculum emphasis: 1) governmental sectors need to 
emphasize the management of technical programs; 2) commercial sectors need to 
emphasize the commercialization of technology. In both government and business, 
technological change is managed through 1) leadership and attention to system issues 
and 2) planning and implementing new technology. 

– In government or in contracting to government, one is principally concerned with 
technical systems that provide public services, such as health, defense, welfare, 
public transportation, etc. Technology strategy provides the technical basis for 
improving public systems; the design and development of these socio-technical 
systems provides the system focus of the public official or government contractor. 
Implementation of technical strategy occurs in technical programs performed or 
sponsored by government officials; the management of technical systems is then 
administered in government programs or contracted out to private firms. 

– In commercial business of the civilian sector, the planning focus is not just on 
technology strategy, but also on its integration into business strategy; the system 
focus is the enterprise systems of the firm in its various businesses. The 
implementation of new technology that requires top-level strategic attention is the 
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launching of new business ventures, whereas the improvement of products and 
production and services in exiting businesses occurs incrementally in the product, 
production and service development procedures. 

– Government technology programs focus on broad technology strategy, whereas a 
business will emphasize integrating technology strategy into business strategy. In 
government, the implementation of technology strategy occurs in the programs of 
technological support, broadly focused on relevant science and generic technology. 
In industry, the implementation of new basic technology may be focused around 
the new business opportunities that it can create: new high-tech ventures. 

– With regard to the system focus on technological change, government technology 
programs focus on the generic level for development of new technology systems; 
the system emphasis in business is on integrating new technology into the develop-
ment of the enterprise system. The implementation of new technology systems in 
government emphasizes the operation of a generic technology system, whereas in 
business, system implementation issues focus around procedures for innovating 
technology into products, production, or services. 

The technological imperative has been extended by science, providing continuing 
revolution based on the applications of scientific discoveries and understanding.8 The 
practical problem is how best to improve technology through managing innovation, 
which has been called the management of technology (MOT). 

Technological innovation is the invention of new technology and the development and 
introduction into the marketplace of new products, processes, or services based on the 
new technology. Invention is the creation of a functional way to do something, an idea 
for a new technology. Invention is motivated by the desire to solve problems or to 
provide new functional capability.9 Innovation is introducing a new or improved product, 
process, or service into the marketplace. Invention results in knowledge. Innovation 
results in commercial exploitation of knowledge in the marketplace. The concept of 
technological innovation combines the ideas of technological invention and business 
innovation.10 The potential of a technology is ultimately limited by science. Technology 
can use only nature that has been discovered. Technology can improve systematically on 
how it manipulates nature only to the extent that nature is understood. This is why 
science is essential to continuing technological progress and this is why the scope of 
                                                           
8 For the last five hundred years, no society was able to resist technological change in military conflict, in 
business competition, and in societal transformation, which has been called the technology imperative. 
The combination of the rise of mercantile class and the secularization of knowledge are hallmarks of 
modern societies. 
9 For example, vaccination was invented to solve the problem of smallpox plagues. The airplane was 
invented to provide a new capability of powered flight. 
10 Despite the importance of the concept of technological innovation, it has not been always well 
understood or well managed because the concept bridges the business and technical worlds. There has 
been a cultural gap between managers and engineers. In the past, business schools mostly ignored the 
business functions of research, technology, engineering, and development. Conversely, engineering 
schools mostly ignored the management aspects of engineering and generic aspects of technology. 
Accordingly, the education of managers, engineers, and scientists has been incomplete in acquiring a 
generic understanding of both management and technology. As a result, both managers and engineers 
have had to round out their education about managing technological innovation through experience and 
continuing education. Curricula in MOT provide a compact way to gain understanding of technological 
innovation. 
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MOT includes both technology and science. 

The concept of technological innovation is complex due to the generic breadth of the 
concept itself. Other sources of complexity in technological innovation are interactions, 
systems, and dynamics. The problem of managing technological innovation successfully 
lies in dealing correctly with all the complexities arising from interactions, systems and 
change. There are many interactions among technology, business, industry, universities 
and government and among technology and product, customer and application. The 
direct connection between technology and business and customer is through the product 
embodying the technology that the business sells to the customer. The way a customer 
evaluates the product is not the view that the business sees of the product. The customer 
views the product from the context of the application in which the customer uses it, not 
from the view of producing the product as the business sees it.11 Research connects the 
industry, university, and government sectors to both a business and to technology. A 
business uses both research and technology in the design and production of its products. 
Complexities arise from the many different kinds and numbers of systems involved.12 

Advances in technology come from the research system. Performance in a product 
system comes from the technology system. Decisions about technology and product 
come from the business system. However, commercial success comes from the 
customer’s perception of the application system. Hence, the formula for commercial 
success requires the proper integration of these different systems. Complexities also 
arise from change and timing. MOT has developed analytical concepts to describe many 
of the changes that are the sources of complexities in technological innovation. 
Discontinuous technological change in the industrial system will create a restructuring 
of the industry. Technology systems in a business are changed through technology 
strategy. Business strategy in the business stimulates and is impacted by technology 
strategy. The customer sees the product improvement as adding value to the use of 
products in applications. New high-tech products can create new applications for 
customers. Changes in technology strategy results in changes in the research system. 
Technological innovation can affect the market share position of a business. A product 
system needs to be redesigned according to technological change. Market system 
change occurs due to technological innovation. 

The concepts and techniques in MOT needed to deal with the complexity of the concept 
of technological innovation require a deep understanding of organizations, systems, and 
strategy. Accordingly, there has evolved a set of core techniques for MOT, which 

                                                           
11 A business may not fully see the customer’s application and, therefore, may fail to design optimally for 
the customer. One of the most common reasons for product failure has been management’s failure to 
understand the application context in which the customer evaluated the product. 
12 Industry can be seen as a system (i.e., an industrial value-adding chain). Universities are educational 
and teaching systems. Government is a system of agencies, each of which is an organizational system. 
Any technology is a system that creates functional transformation. A business is a system, involving 
transformations of value addition in producing and selling products. Any business system uses not just 
one technology system, but many technology systems. In a diversified firm, there can be several different 
businesses, each a different system using different kinds of technology systems. A product is also a 
system and embodies several technology systems. The market system requires access to customers 
through advertising and retailing and distribution channels for getting the product to market. The 
customers in the market are themselves involved in kinds of system. The applications for which the 
product systems are used are themselves systems. 
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include: 

– Organizational analysis (The problem of incorporating new technologies into 
existing organization requires understanding of how to redesign and restructure 
organizations to accommodate and exploit new technological opportunities). 

– Systems analysis (consists of techniques for defining objects as functional and 
connected systems). 

– Technology forecasting and planning (incorporates techniques and procedures for 
anticipating and planning technological change). 

– Innovation procedures (techniques and procedures for managing the logic of 
technological innovation, from invention through development to production to 
market introduction). 

– Technical project management (consists of procedures for managing finite, one-of-
a-kind technical projects in contrast to management techniques for managing 
continuing operations of an organization). 

– Marketing experimentation (employs techniques for introducing radically new 
high-tech products into the marketplace, creating new markets, growing new 
markets, establishing industrial standards for products, and so on). 

– Entrepreneurship (consists of techniques for restructuring existing businesses or 
starting new businesses). 

There is now emerging an intellectual paradigm of MOT, as studies about scientific and 
technological progress have been accumulating and as techniques for technological 
innovation have been developed. In the 1980s, many who had been involved in studies 
about R&D management and science administration got together and emphasized that 
technological innovation is an intellectual topic lying in the interface between 
engineering and management. Since then, filling in that interface has been the focus of 
the MOT research and education community, which has been building a shared 
understanding that the interface between engineering and management is the integration 
of technology systems into enterprise systems. This integration consists of viewing the 
totality of technological innovation as interactive changes between systems of economy 
(S&T infrastructures and business systems) and systems of knowledge (science and 
technology). In this paradigm, the following issues are central to MOT: understanding 
long-term economic development; understanding how national science and technology 
infrastructures contribute to competitiveness; forecasting changes in product, production, 
and service technologies; effectively managing the engineering and research functions 
in business systems; and integrating technology strategy into business strategy. 

Technology and Competition 
The role of technology in the value-adding activities of business is to provide the 
knowledge base for the transforming function of the enterprise. The economic measure 
of contributions that a new technology makes to a business is how much value it adds to 
the business enterprise. The concept of economic value added (EVA) has two sub-
concepts: from the perspective of the management, the EVA is the gross margin of the 
product; from the perspective of the customer, the EVA is the functionality and 
performance that the product provides for the customer’s application. Technology is 
essential to both meanings of value-added in that technology provides the knowledge 
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base for the value-adding transformations of the business. In the management of 
technology, the fundamental way to look at these EVA-creating transformations is to see 
the organization as an enterprise system. 

– A business can be viewed as a transforming open system – a value chain (Porter, 
1985). The value-adding activity of a business is a sequence of transforming 
operations, a chain of activities that add value. The business takes resources from 
the economy, transforms them into products, and sells them back into the economy 
– adding economic value to the original resources. 

– A measure of EVA requires an accounting system to record the true cost of capital 
against all capital employed in operations. Traditional accounting principles, up to 
1993, had left many true capital costs (e.g., the cost of equity capital) unrecorded. 
The true cost of equity capital is what shareholders could be getting in price 
appreciation and dividends if they invested in a portfolio of companies similar in 
risk to the firm. 

– To use EVA to control the operations of a business, one needs to conceive of a 
business as an enterprise system. Accounting practices should be refined to 
measure all activities in terms of value addition. It is easy to forget the totality of a 
system when one is preoccupied daily with only parts of the system. 

The 5 principal subsystems that need to be constructed and connected for an enterprise 
system are product system, production system, distribution system, communications 
system, and management system. The range of technologies covered by MOT can be 
compacted into 3 kinds of technologies: product technology embedded in the product 
system, production technology embedded in the production system, and information 
technology embedded in the distribution, communications and management systems. 

– A distribution system is the conceptual architecture of the channels by means of 
which information about a product line and access to purchasing products is 
provided by the business to customers. The value-adding properties of distribution 
provide access by the customer to information and acquisition of a business’s 
products. The technologies underlying a distribution system provide the functional 
capabilities of information and material access from the business to the customer. 

– A communication system in a business enterprise is the conceptual framework of 
the means and network for communication to facilitate decisions and coordination 
of the operations of the enterprise. The technologies underlying a communications 
system provide the functional capabilities communicating information among the 
firm’s personnel, suppliers and customers. 

– A management system is the conceptual architecture of the planning and control 
procedure for guiding, monitoring, and evaluating operations. The technologies 
underlying management procedures provide the functional capabilities to assist 
planning, monitoring, and evaluation of business activities. 

Competition is profoundly dynamic in character. The nature of competition is not 
equilibrium but a perpetual state of change. Improvement and innovation in an industry 
are never-ending processes, not a single once-and-for-all event. Technology itself does 
not become a competitive factor until it changes. Management and engineers need to 
work together strategically when technology is changing. Technological change directly 
affects the competitiveness of the firm. Only a few firms at any time appear to be 
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successful in gaining a positive competitive advantage from technological changes. 

Both producers and users can be sources of innovation, provided each is technologically 
sophisticated and can perform research. It is the locus of sophisticated technical 
performance that determines whether market pull or technology push would be most 
important for innovation in an industry. Whatever the source of technological 
innovation, to be commercially successful, it must eventually create or match markets to 
technological possibility. Market-pull innovations most often stimulate incremental 
innovations, since an established market inspires the need. In contrast, radical 
innovations are often brought forth as technology push seeking market applications. 

All new technology-based business ventures are fraught with risks – both technical and 
commercial. Technical risks arise from uncertainties about a new technology. Technical 
risks relate to 1) functionality, 2) performance, 3) efficiency, 4) dependability, 5) 
maintainability and repairability, and 6) safety and environment. Commercial risks arise 
from uncertainties about 1) the customers for the technology, 2) application, 3) 
specifications, 4) distribution and advertising, and 5) price. The functionality refers to 
the kind of purposes for which the product can be used. The performance of a product 
denoted the degree of fulfillment of the product’s purpose. The efficiency of a product 
for a level of performance of a function relates to the amount of resources that are 
consumed to provide a unit level of performance. Dependability, maintainability, and 
repairability indicate how frequently a product will perform when required and how 
easily it can be serviced for maintenance and repair. Safety has both immediate and 
long-term requirements: safety in performance and safety from aftereffects over time. 
The customer, application, and specifications together define the market niche of a 
product. Distribution and advertising together define the marketing of the product. The 
price set for a new product needs to be acceptable to the market and provide a large 
enough gross margins to provide an adequate return on investment required to innovate 
the new product. 

Solving the technical variables correctly is both necessary and costly (in research and 
development costs). Even if successfully accomplished, the commercial variables must 
be correctly solved (with the production and marketing costs). Initially, the two sets of 
variables are indeterminate. There is always a range of technical variables possible in 
the design of a new product. Which variables will turn out to map correctly to the future 
required set of commercial variables is never clear initially, but is clarified only in 
retrospect. 

Establishing the specifications for a new product requires correct focus on a market. The 
more radical is the technological innovation in the new product, the more difficult this 
becomes. Radically new technologies and their applications are developed interactively. 
As new technology develops, new applications are often discovered, as well as new 
relationships to existing technologies and applications. Successful product innovation of 
new-generation technology requires that management recognize its significance and 
correctly focus the marketing of the new product lines. New technology will often affect 
new markets in un-envisioned ways. Market analysis for new products approaches the 
task by market segmentation – identifying the customer group on which to focus the 
new product. When technological innovation is incremental, market analysis can 
provide a good guide to how the innovation will be accepted or demanded by an 
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existing market. As technological change begins to change markets, however, analysis 
of a market before such change often yields the wrong kind of guidance as to what the 
market will become after the change. In fact, the history of radically new products has 
often demonstrated that the largest market has turned out to be different from that 
envisioned by the innovator. The more radical the technological innovation for a market, 
the more wrong market analysis techniques will likely to be about the nature of the 
market for the technological innovation. 

The notion of market positioning must become almost a kind of experimental approach 
for really basic new technology. Schmitt (1985) stressed the need for close cooperation 
between R&D and marketing when pioneering a new basic technology. Rather than 
market analysis, marketing should take a learning approach to the making of new 
markets through technological innovation. As new application develop with the product, 
engineering and marketing strategy for a radically new product should emphasize 
functional flexibility. The functionality of the product should be as flexible as can be 
made by high performance, a wide range of features, and lowest cost. Ryans and 
Shanklin (1984) called this kind of marketing for innovative products positioning the 
product. Ward (1981) suggested the following steps of market positioning: 1) list and 
focus on the range of applications possible with the new technology; 2) describe the 
present size and structure of corresponding markets for the applications; 3) judge the 
optimal balance of performance, features, and costs to position for the markets; 4) 
analyze the nature of competition currently in the markets, and strengths and 
weaknesses of current products compared to the new product; 5) consider the alternate 
ways in which the new product could satisfy the markets and project product capture of 
the markets; and 6) consider the modes of distribution and marketing approaches of 
these different markets that the new product should take. The economic evaluation of 
the potential of new technology should be examined using several criteria: quality, value, 
price, opportunity, and profitability. 

– Will new technology improve the quality of existing products or provide new 
quality products? 

– Will it improve the value or provide new value for customer applications? 
– Will it technology reduce the cost of the product? 
– Is there a window of opportunity to gain competitive advantage, or conversely, to 

catch up with and defend against a competitor’s innovation? 
– What will the technological innovation contribute to profitability? 

The rate of progress in any new technology ordinarily follows an S-shaped curve, with 
an initial exponential rate, slowing to a linear rate, and turning off toward a natural limit. 
The first inflection point occurs when trial-and-error invention ends and when research 
must begin for incremental progress. Incremental technical progresses do not basically 
alter the phenomenal base or schematic logic of a technology, but refines one or both of 
them. The second inflection point occurs when the natural limits for manipulating the 
phenomenal bases of a technology are approached. A new technology S-curve begins 
when a new phenomenon is substituted, Next-generation technology progress basically 
alters the phenomenal base or schematic logic, or both. In anticipating technological 
changes, one must ask whether change can occur from different phenomenal bases or 
from different schematic logic, or both. The rate of technological progress in any 
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technology can be measured by technical performance parameters whose increase 
implies greater utility of the technology. When one plots the size of a technology 
performance parameter over time, one usually finds a similar for most technologies. The 
pattern is 1) initial exponential growth in progress, 2) linear growth in progress, and 3) 
finally asymptotically leveling off to little or no progress – hence its name Technology 
S-curve. 

Historically, most incremental technological innovation progress after a basic invention 
has followed this form. At first, all new basic inventions for a new technology show 
poor performance, are awkward and dangerous to use, and are costly to produce. Yet the 
opportunities for technical improvement begins as inventors and engineers seek ways of 
overcoming the limitations of the original invention. There is usually a rapid flush of 
new ideas that provides exponential increase in performance. All these new inventions 
in exponential beginnings of a new technology are usually of the “trial and error” kind. 
Eventually all the obvious ideas get tried. Further progress in the new technology gets 
harder. Thus begins the linear phase of technology progress on the S-curve. Research 
scientists must now get down to better understanding and modeling of the phenomena 
on which the technology is based. Science understands and explores the materials and 
processes and creates models for predicting their behavior. With this refined under-
standing, engineers can invent new improvements to the technology. As technological 
progress approaches the finiteness of the natural phenomenon on which it is based, 
technical progress is limited by the finiteness of this natural phenomenon. This is called 
the ‘natural limit’ to the technology. Technologies are composed of inventive logics to 
manipulate states of natural phenomena. Hence, the phenomenal base of a technology is 
the nature manipulated by the logic of the technology. Technologies can be altered by 
changes in either 1) the logic schema or 2) phenomenal bases. 

Planning technological change provides the basis for supporting efforts of invention. 
The combination of anticipating and planning technological change is usually called 
technology strategy. The anticipation, planning, and support for invention are what is 
referred to as R&D system. A technology system is a generic configuration of the open 
system. Technologies are a mapping of a schematic logic that expresses the functional 
transformation against as a sequence of phenomenal states, which provide the natural 
basis of the technology. The inventive creation of a new technology requires devising 
schema and morphology and a one-to-one mapping between these. This understanding 
of technology (as a configured functional system with schema and morphology) can be 
used for technology planning. The logic for exploring alternative morphological 
configurations of a technology system is called morphological analysis – a systematic 
analysis of alternate morphological configurations that can be used in planning the 
directions of change for a specific technology. Morphological analysis is important to 
envision alternative structural configurations of a technology, but the specific procedure 
to plan technological progress has many additional steps, which include 1) technology 
audit, 2) competitive benchmarking, 3) customer needs and requirements, 4) technology 
barriers, 5) technology roadmap and 6) next-generation technology system. 

– A technology audit is a procedure to systematically identify the core technologies 
of a business. 

– Competitive benchmarking is a procedure to compare a company’s technologies 
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with competitors. 
– Identifying current and future customer needs and requirements looks to the 

application systems of the customer to envision the need for technological progress. 
– Technology barriers are the points of technology morphology and logic in current 

technologies that must be improved to get from current technologies to envisioned 
future technologies. 

– A technology roadmap lays out the paths from current technology to future 
technology if the technology barriers can be overcome. 

– A next-generation technology system is a research vision of what kind of research 
program could tackle the technology barriers in a technology roadmap. 

The actual practice creating technological progress occurs in discrete activities, such as 
R&D projects and design projects. Technical projects are the forms of activities for 
implementing technological change, which are of three sorts: research, design, and 
operations. Research-based projects are usually called research projects. Design-based 
projects are usually called engineering projects. Operations-based projects are usually 
called system projects. The stages of R&D projects are 1) basic research and invention, 
2) applied research and functional prototype, 3) engineering design and testing, 4) 
product testing and modification, 5) product design and pilot production, and 6) initial 
production and sales. Stages 1 through 3 are usually called research, while stages 4 
through 6 are called development. Each stage is expensive, with the expense increasing 
by an order of magnitude at each stage. The management decisions to proceed from 
research to development are, therefore, very important. 

The stages of engineering projects are 1) customer and needs identification, 2) product 
concept, 3) engineering specifications, 4) conceptual design, 5) detailed design, 6) 
prototype engineering design, 7) production design, 8) testing, and 9) production. 
Engineering design uses working technologies, applying them to customer needs. Hence, 
engineering design begins with identifying customers and their needs. These functional 
needs must be formulated as engineering specifications, which the creative activity of 
conceptual and detailed design addresses. What emerges is a prototype-engineered 
design of a product. This design needs to be modified for production and then tested. 

The stages of system projects are 1) customer and function identification, 2) system 
definition, 3) system requirements and specification, 4) system architecture design, 5) 
system components design, 6) system control design, 7) system prototyping and 
programming, 8) system testing, and 9) system implementation. In most system projects, 
known technologies are used and applied; therefore, system projects usually begin with 
customer and function identification. From this, a system must be identified with 
boundaries and specifications. System design activities include design of architectures, 
components, and controls. Completed system designs are prototyped and programmed, 
and then tested and implemented. Systems projects tend to emphasize operations, as 
opposed to the artifact orientation in traditional engineering projects. In fact, a device 
for which operations requirements are complex (e.g. airplane) may be called a system 
project. Software projects that produce coding for operations are usually called system 
projects. Projects designing operation systems (e.g. communication system, information 
system, or transportation) are usually called system projects as well. 

In an R&D laboratory, there is a formal process for formulating, selecting, monitoring, 
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and evaluating projects. Senior management decides research priorities and business 
directions. Middle managers then define project requirements, around which they and 
technical staff generate research ideas. Technical staffs then draft R&D proposals that 
are sent to middle and senior management, who select which projects to fund. Funded 
projects are performed by technical staffs and monitored by middle management. Senior 
and middle management review project portfolios periodically and select research 
projects to terminate or to continue into development and implementation, based on 
technical progress and commercial importance. There are many software aids for the 
budget, resource, and time aspects of project management, such as project schedulers. 
Also embodies in some software are techniques for determining the priority of tasks and 
risks of completion, such as the Program Evaluation and Review Technique (PERT). 

When new technology is being developed and embodied into new systems wherein 
artifacts are designed, a technical project may combine the R&D, engineering, and 
systems stages. Combined technical projects are inherently more risky and expensive 
than separate kinds of technical projects, because of the multiple kinds of uncertainties 
in both technology and commercial applications. 

Engineering function specializes in creating and implementing the technical bases of the 
enterprise. It is necessary for technological innovation, product and production design, 
and provision of technical services. Successful technological innovation requires both 
new technology and market focus; this integration is the responsibility of engineering. 
All products have finite lifetime and, to remain competitive, have to be periodically 
redesigned by engineering. Production needs to be continually improved to remain 
competitive. 

There are 5 principal reasons why products have finite lifetime: technical performance 
obsolescence, technical feature obsolescence, cost obsolescence, safety, and fashion 
changes. Even in a product lifetime, there are shorter lifetimes for a product, a product 
model lifetime. A product model is a product designed for a market niche and a 
price/performance target. Product models exhibit the same functionality but vary in 
performance, features, fashion, and price. Performance or feature obsolescence in a 
product occurs when its performance and/or features are less than a competitor’s model. 
Cost obsolescence occurs when the same performance can be obtained from competing 
products at lower prices. Safety obsolescence occurs when a competing product offers 
similar performance and price with improved safety of operation (or when government 
regulations require safer features or operation). Finally, when technology, cost, and 
safety features are relatively stable, products can still become obsolete due to fashion 
changes. Fashion obsolescence occurs in a product when product competition is not 
differentiable in performance/price but is differentiable in lifestyles.  

The logic of engineering focuses around three kinds of activities: invention, design, and 
problem solving. Invention is the activity of creating a new technology. The logic of 
invention is an idea that maps functional logic to physical morphologies. Design is the 
activity of creating the form and function of products or processes. In design, the 
essential logic is to create morphological and logical forms to perform function. Form 
and function are the basic intellectual dichotomy of the concept of design. Technical 
problem solving is the activity of making technologies work and work well. 
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In product design, the logical steps involve determining the performance required for 
the function for the customer and then creating an integrated logical and physical form 
for fulfilling the function. 

– The first logical step is to establish customer needs, the list of which are: 
1) The customer’s applications of the engineered product, 
2) The functional capability of the product for the applications, 
3) The performance requirement for the applications, 
4) The desired features of the applications,  
5) Size, shape, material, and energy requirements for the applications,  
6) Legal, safety, and environmental requirements for the product,  
7) Supplies for the maintenance and repairability of the product, and  
8) Target price of the product. 

– Once the customer needs list is established, the next logical step is to establish a 
product specification set. These product specs translate customer needs into 
technical specifications that guide the engineering design of the product. 

– The third logical step is the design of the product, using ideas from previous 
product designs along with innovative new design ideas to create a product that 
meets the product specs and customer needs. 

– While these logical steps sound sequential in practice, successful design requires 
con-current interactions with marketing and finance and redesign loops as the both 
the needs and specs get refined into design details. Thus, in a large organization, 
design occurs in groups of designers and goes from a conceptual design stage into 
a detail design stage and back and forth until a final design is realized that is ready 
for testing. 

– After a design goes into testing, the design must often be modified to correct flaws 
in the product’s design. Once a tested design is ready to be produced, then the 
design must again be altered to become manufacturable in volume with high 
quality and to meet target costs. (As much of the manufacturability criteria as 
possible should be brought early into the design process, to minimize redesign for 
manufacturability.) 

Simplifying nature to make it mostly work for us technologically always stimulates 
technical problems, which engineering must solve. 

– The logic of problem solving includes: 
1) Recognition of a problem 
2) Identification of the problem 
3) Analysis of the problem 
4) Solutions to the problem 
5) Testing of the solution 
6) Improvement of the solution and/or redefinition of the problem 

– In a large organization, problem recognition may not be simple. This requires 
leader-ship realizing that there is a problem and acknowledging the existence of 
the problem. If leaders will not recognize that a problem exists, personnel cannot 
work on solving the problem. Problems may not be recognized because the 
leadership does not have the expertise to recognize the problem or because it is 
politically inconvenient or embarrassing to leadership to acknowledge that a 
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problem exists. 
– Once a problem is recognized, the next logical step is to identify the nature of the 

problem, its location, and the client to whom it causes difficulties. Identification of 
a problem can then logically be followed by analysis of the problem, its sources, 
and its causes. Once the source and cause of the problem are known, then solutions 
to the problem can be diagnosed or invented. The proposed best solution can then 
be tested to see if it solves the problem. If testing shows that the problem is still 
not solved then further refinement of the solution or alternative solutions may be 
tried and tested. Sometimes, the problem even requires redefinition, if testing 
shows that the problem was not properly understood initially. 

– Problem solving is also an essential aspect in the design and invention activities of 
engineering. There will always be problems in inventions and in new designs that 
are found only after use in the field.13

– Since technical problem solving is a major activity of engineering, understanding 
of the nature of problems and solutions for problems is a critical skill of engineers. 
This is why science is a base knowledge for engineering, because science provides 
the knowledge of nature that underlies technology problems. 

Engineers regard themselves as belonging to a kind of profession.14 Engineers profess to 
apply bodies of knowledge of scientific, mathematics, and engineering principles to 
design products and processes, solve technical problems, and provide technical services. 
Engineers have both scholarly societies and a professional engineering society. 

– All professions have codes of ethics, which have to do with practicing the 
profession responsibly and safely. Thus arises a dual set of loyalties for an 
engineer – loyalty to professional standards and loyalty to the employing firms. A 
conflict between these can give rise to the phenomenon called ‘whistle-blowing,’ 
when an engineer perceives that management decisions have influenced poor and 
unsafe design of productions or operations. 

– Engineers are trained in the scientific backgrounds for the generic set of 
technologies they are to practice and in the generic engineering principles of these 
technologies. These scientific backgrounds are called the engineering science of a 
discipline, and the engineering principles consist of sets of generic logic of 
engineering design and practice. 

– Engineering careers can follow two paths: a technical path in engineering (or 
management within the engineering function) or a general management path. The 
career movement of an engineer into general management requires the engineer, 
by both experience and continuing education, to gain a sophisticated understanding 
of other business functions in addition to engineering. 

– Engineers frequently complain that: 1) customers don’t know what they want, so 

                                                           
13 Von Hippel and Tyre (1995) found that, in half of the problems encountered, information about the 
potential problem did exist with the users but were not communicated to the designers, as they were not 
thought to be relevant. In half of the problems, the problems appeared only after use of the new 
equipment in the field. Von Hippel, E. and M.J. Tyre (1995), How Learning by doing is Done: Problem 
Identification in Novel Process Innovation, Research Policy 11, 95-115. 
14 A profession is a body of people trained to practice the application of a body of knowledge. Professions 
organize formal education to master the body of professed knowledge, and also organize the certification 
of practitioners in the profession. 



112                                    Long-Run Economic Growth and Technological Progress 
 

what good is marketing analysis; 2) marketing does not have the needed expertise 
to specify technically sophisticated products; and 3) marketing’s time horizon is 
too short. In turn, marketing complaints about engineering include: 1) engineers 
lack perspective; 2) engineers don’t appreciate prior customer investments; and 3) 
engineers don’t appreciate the diversity of the market segments. Building cross-
functional teams that include engineers and marketing and other business 
personnel is essential, but difficult. 

Corporate R&D is an asset for long-term competitiveness. Corporate research should be 
focused on both maintaining existing businesses and preparing the corporation for 
future businesses. Hence, research activities can be classified by their purposes: to 
support current businesses; to provide new business ventures; and to explore possible 
new technology bases. The research function is organized in the firm’s research 
laboratories. One of the principal purposes of corporate research is to create and extend 
the lifetimes of the company’s products, and therefore anticipating the need for R&D 
support for products is an important element of research strategy. The ‘profit-gap 
analysis’ is a useful way for management to track the attention required for product 
development. Profit-gap analysis of product lines shows the anticipated profit-gap 
between desired profits and actual profits. 

There are three ways to organize research: divisional laboratories reporting to business 
units; a corporate-level laboratory; and both divisional laboratories and corporate-level 
laboratory. Ordinarily, research in divisional laboratories is focused next-product model 
design and on production improvement, whereas research in corporate laboratories is 
focused on next-generation product-lines and on developing new businesses from new 
technology. The annual Industrial Research Institute R&D survey in the US noted that 
the art of technology management might be industry-specific.15 Even in an industry, 
research organization varies. Research organization varied from only a central research 
laboratory to only divisional laboratories. Research strategy varied from emphasizing 
defensive to offensive technology strategy. Firms without central labs depended more 
on outside technology than those with central labs. The corporate research organizations 
reflect the core technologies and science base of the relevant businesses. No single 
organizational form could provide a best solution. Research organizations consisting of 
only decentralized divisional labs encourages a short-term focus, mainly on the current 
businesses of the corporation. Research organizations consisting of only a corporate 
research lab encourage a long-term focus but at the cost of short-term relevance. 
Research organization consisting of both divisional labs and corporate labs has the 
potential strength of focusing on both current businesses and future businesses. The 
problem is that research sub-cultures develop differently in the divisional labs and the 
corporate labs. This difference can foster competition rather than collaboration.16

Innovative product design requires a visionary and collaborative partnership between 
                                                           
15 Industrial Research Institute (1994), First Annual Industrial Research Institute R&D survey, Research-
Technology Management, January-February, 18-24. 
16 As the operating divisions begin to flex their decentralized muscles and start acting as though they were 
indeed independent enterprises, they begin to become impatient with the level or quality or relevance of 
the work being done in the central R&D activity. For those division managers who see a real need for 
strong, direct technical inputs to their division’s operation, the central labs seem unwieldy, distant, and not 
very responsive to their immediate and near-term future needs. 
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research and marketing. There are great differences in culture between business units 
and research labs, and long-standing and deeply rooted problems involved in integrating 
R&D and business strategies. R&D and business organizations have conflicting goals 
and practices. They differ with respect to time horizon, finance (profit center, expense 
center), product (information, goods/services), and methods (technology push, market 
pull). R&D is generally a long-term investment. Even the shorter product-development 
takes 2-3 years from applied research to development. The longer developments from 
basic research usually take 10 years. R&D is fundamentally strategic in its planning 
horizon. In contrast, business units are always under the quarterly profit accounting 
system, focused principally on the current year’s business. Business units are funda-
mentally operational in their planning horizon. 

The problem of making research relevant to business requires formal procedures to 
foster cooperation. However, simple bridging-mechanisms may not be sufficient. A 
culture of trust and a history of relevance and creativity must also be built by 
experience.17 In order to tackle the profound organizational differences in cultures, it is 
important to formalize procedures for strategically integrating R&D into business units’ 
activities. Klimstra and Raphael (1992) argued the usefulness of formal decision process 
called R&D product pipeline, which involves two parallel sets of activities to integrate 
research strategy with business units. As research programs move into development 
projects and into product development, Business units should formally review research 
strategy as a part of their business strategy.18 Business units should participate in the 
research program review. Project selection decisions should be made jointly by research 
and business units. While development projects are proceeding, business units’ partici-
pation with the research unit in development project review continues to be necessary. 
Research and business units can make joint ‘go or no-go decisions’ before product 
development begins. During the product development, business unit personnel should 
participate actively with research unit personnel in joint product development teams. 

R&D budgeting is difficult because it is a risky investment over varying return periods. 
R&D costs are usually deducted as current operating expenses and treated as part of the 
administrative overhead. In the corporate research lab, R&D funding is usually of three 
types: allocation from the corporate headquarter, internal contracts from budgets of 
business units, and external contracts from government agencies. The quality of 
managing the R&D function is more important than the quantity of resources spent on 
R&D. In practice, most R&D budgeting is done by incremental budgeting, increasing 
research when business times are good, cutting research when profits drop. Accordingly, 
the level of R&D expenditures tends to be an historically evolved number that has 
depended on many variables, such as the rate of change of technologies on which 
corporate businesses depend, the size of the corporation, levels of effort in R&D by 

                                                           
17 From the perspective of the researcher, cooperation by a business unit will always be problematic. After 
40-odd years of working in application-and-mission-oriented research, Frosch has come to believe that 
the customer for technology is always wrong. He has seldom met a customer for an application who 
correctly stated the problem. The normal statement of the problem is too shallow and short-term. What 
really happens in successful problem solving is the redefinition of the problem. Frosch, R.A. (1996), The 
Customer for R&D is Always Wrong!, Research-Technology management 40, 224-236.  
18 Klimstra, P.D. and A.T. Raphael, 1992. Integrating R&D and Business Strategy, Research-Technology 
Management 36, 22-28. 
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competitors, and so on. High-tech firms spend in the range of 6% to 15% of sales, 
whereas mature technology firms may spend 1% or sales or less. The share of R&D 
divided between corporate research labs and divisional labs also differ among industries, 
but generally divisional labs have the greater share because of the direct and short-term 
nature of their projects contributing to profitability. In high-tech firms, for example, the 
corporate research labs might get as much as 10% of R&D, but seldom more. The 
corporate allocation provides internal flexibility for the corporate labs to explore long-
term opportunities. The internal contracts provide direct service to business units. 
External contracts from government agencies provide either a direct business service to 
government or additional flexibility for research laboratory to explore long-term future 
technologies. Normally, internal contracts will provide the majority of corporate 
research laboratory R&D. 

R&D (an investment in the corporation’s future) should ultimately be evaluated by the 
return on investment. In practice, however, this is difficult to do due to the time spans 
involved. In addition to the varying time spans, the different purposes of research also 
complicate the problem. The more basic the research the longer the time for it to pay off, 
and the more developmental, the shorter the time. The times from basic research to 
technological innovation have historically varied from a minimum of 10 years up to 70 
years. For applied and developmental research, the time from technological innovation 
to break-even has been from 2 to 5 years. The purposes of research include maintaining 
existing business, beginning new business, and maintaining windows on science. Thus, 
evaluating contributions of R&D to existing businesses requires accounting system that 
are activity-based, can project expectations of benefits in the future, and can compare 
current to projected performance. The evaluation of research needs to be accounted to 
these purposes. In evaluating R&D project in support of current businesses, the life-
times of current products are projected. This product mix is then projected as a sum of 
profits. The current and proposed R&D projects in support of current businesses are 
evaluated in terms of their contribution to extending the lifetimes or improving the sales 
or lowering costs of the projects. R&D projects that result in new ventures are charted 
over the expected return on investment of the new ventures. Projects for exploratory 
research are not financially evaluated, but treated as an overhead function. They are 
technically evaluated only on their potential for impacts as new technologies. 

The design of a product is an embodiment of an idea to meet a customer’s need. New 
technology for high-tech products is implemented in the product design stage of 
engineering. The design phase of new product innovation is a critical stage. Studies on 
different kind of products reached the conclusion that at least 75% of the eventual total 
cost of a product is determined in the design phase. The logic of design centers around 
the intellectual dichotomy of function and form. Design is creating form (morphology 
and logic) to perform function. All phases of product design create opportunities and 
risks. The logic of the design process for a product can be divided into several phases: 
customer requirements, product specifications, conceptual design, preliminary design, 
detail design, product prototype, testing, and final design. All phases of product design 
create opportunities and risks. Determining who the customer is and what the product 
requirements are for the customer is a critical judgment. This involves understanding 
potential market niches and application systems in these niches. Translating customer 
needs to engineering specifications is never very clear. In fact, creativity and innovation 
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in this translation often result in higher-quality products than in a more plodding and 
literal translation. In addition, a given product will be a part of a product family in order 
to cover market niches. Product design will occur in a broader activity of product family 
strategy. Within this strategy, product architecture and generic product platforms are 
critical decisions for profitability and competitiveness. Rosenthal and Khurana (1997) 
sketched some of the logic for structuring the conceptualization phase of new product 
development as: 1) identifying a product opportunity from the basis of existing product 
portfolio strategy and market and technology analysis; 2) formulating a product 
concept; and 3) defining the product and planning a development project. 

Making function and form match in a design requires a system approach to the design 
process. The product must be viewed as an engineered system, with a functional logic 
mapped into a product-morphology. Systems analysis of a product design is a 
systematic depiction of the functional transformations required for product performance. 
A systems analysis can be partitioned into design focuses on: boundary, architecture, 
sub-systems, components, connections, structural materials, power sources, and control. 

In technology innovation, the most easily approached first market is an established 
market in which the new technology can substitute, since some knowledge of customer 
applications and product requirements already exists for that market. Improved-
performance products of existing functionality substitute in existing markets; products 
with embedded new functionality create brand-new markets. For radically new products, 
the first critical design decision is identifying the customer’s application and a 
substitution market can provide guidelines. 

– Product design requirements are determined by the class of customers and the 
applications for which the customers will use the product. If a product design is to 
implement a new technology, then many problems are important in the design 
conceptualization phase, such as: 

1) Determining the best application focus, 
2) Determining the appropriate requirements and specifications, 
3) Making the appropriate performance/cost tradeoff, 
4) Deciding the proprietary and competitive advantages of the new technology. 

– The activity of designing a product requires understanding the technologies that 
will be embedded in the product and decisions on the trade-off between desirable 
aspects of a product design, constraints of economics, and limitations of current 
technology. Different markets for new technology may value the performance/cost 
trade-off in product design differently. For each market (the military market, the 
industrial market, the business market, the consumer market), the design 
performance/cost trade-off must be made differently. Innovative product design 
can fail commercially several ways: 

1) The product design may fail if its expression of a principal technology 
system performs functionally less than a competing product; 

2) The product design may fail in its balance of performance and features as 
perceived by customers (even if technologically performing as well as a 
competing product); 

3) The product design may fail if it is priced too high for the price ranges of an 
intended class of customer. 
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As technology progresses, new products will substitute for existing applications and 
start new applications. The product requirements and specifications are determined by 
the applications; as the application system develop, the product requirements change. 
When radically-new-technology products are innovated, the immediate application for 
them soon indicate the performance limits of the technology. This provides incentive to 
improve the performance of the technology guided by the applications. The product 
development team should consist of representatives from research, product engineering, 
manufacturing engineering, marketing and sales, and finance. The job of the team is to 
formulate the design requirements and specifications, to initially take into account 
considerations of manufacturing, marketing, finance, and research into the product 
design as early as possible. The team should conduct a competitive benchmarking of 
competing products in all price categories and establish the list of best-of-breed 
performance and features of the product system. It also needs to have a product 
development schedule and early prototyping goals and means. It needs to identify early 
sources of supplies, and draw on their expertise and suggestions about part and 
assembly design. The team also needs to consult and solicit suggestions from customers, 
retailers, service firms that repair and maintain the product systems, and insurers for 
suggestions for product improvement and feature desirability. The team manages the 
product development process to encourage teamwork and cooperation in developing a 
product rapidly and of the highest attainable quality. It is also important for the team to 
interact with and exchange information with other development projects in a firm.  
Development time is another important factor in the commercial success of new 
products. Being too late into a market after competitors enter first is a disadvantage, 
unless one comes in with a superior product or a substantially lower price. Critical to 
fast product development times is the use of multi-functional product development 
teams. Fast product developers had cross-functional development teams that included 
explicit goals about fast time to market and overlapped their development activities in 
‘concurrent engineering’ practices. 

Products can be varied to design a product family to cover the niches in a business’s 
market. Variation of a product into different models of a product family is a redesign 
problem, altering the needs and specifications of the product model to improve the 
focus on a niche of the market. A product model may be replaced an improved or 
redesigned model. The time from the introduction into the market of a product model 
and its replacement by a newer model is called a product model lifetime. Product 
models in a family may be replaced by a newer set of product models: this is called a 
new generation of the product. Product generations are designed to provide substantial 
improvement in performance, features, or safety and/or substantially reduce product 
cost. The time from the introduction of one generation of a product family until its 
replacement in the market with a new generation is called the product generation 
lifetime. Wheelwright and Sasser (1989) have emphasized the importance of long-term 
product planning – mapping out the evolution of products in a product line. Products 
often evolve from a core product, such as branching out enhanced models for a higher-
priced line or stripping a model of some features for a price-reduced line. From the core 
product, one should plan its evolution in generations of products. The core product 
system will express the generic technology system, and higher- or lower-priced versions 
will differ in the subsidiary technologies of features. Next-generation products differ 
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dramatically improved performance or new features, or improved technologies in 
features or dramatically reduced cost. 

From the perspective of technology, the key to efficiently designing and producing a 
product family is to develop common technology platforms for the core technologies of 
the product. Key to keeping product families competitive is next technology-generations 
of product platforms for product families. Common product platforms, which can be 
modularized, can efficiently be varied to adapt the product line to different market 
niches. The key models provided common technology platforms from which to vary 
models. Sanderson and Uzumeri (1995) have stressed the importance of developing 
several generations of product platforms for successive generations of product families, 
used to vary models for covering market niches with a full product line and to advance 
the performance of generations of product lines to stay ahead of competitors.19 Meyer 
and Utterback (1993) also stressed the importance of innovating new technical 
generations of product platforms to maintain the competitiveness of product families. 
The core technologies underlying a product platform provide the opportunities of next-
generation platform advances.20

4.3 Integrating Technology and Business Strategy 
There are two general approaches in technology strategy: to be either a technology 
leader or a technology follower. Both strategies have proven successful under the right 
conditions. The advantage of technology leadership is the opportunity to move first 
before competitors. First movers always have initial advantages to be the first to 
develop production capability, distribution capability, and brand recognition. However, 
there is a risk to being first. If the early product is not quite right for the market focus, 
then competitors can see the market more clearly than did the technology leader, who 
has shown it by pioneering. Then, if a competitor moves before the first mover can 
redesign the initial product and enters the market quickly with a refined product of 
superior performance and/or lower price, this competitor can take the market away from 
the first mover. The risk to the technology follower is that the technology leader might 
not make a mistake. 

Urban and Hauser (1993) have characterized product development strategies as being 
proactive and reactive. Proactive strategies initiate product change before competitors, 
whereas reactive strategies follow competitor’ product innovations.21 Proactive product 
strategies arise from research capability to create new technologies and engineering 
capabilities to design new products embodying the new technologies. Reactive product 
strategies can be defensive by protecting the profitability of existing products by 
introducing a redesigned product to counter a competitor’s new product or be imitative 
by designing a me-too product to match a competitor’s new product. Both proactive and 
reactive product strategies can produce successful competitive positions, depending on 
how a firm benchmarks against competitors. When a firm leads competitors in research 

                                                           
19 Sanderson, S. and M. Uzumeri (1995), A Framework for Model and Product Family Competition, 
Research Policy 24, 583-607. 
20 Meyer, M.H. and J.M. Utterback (1993), The Product Family and the Dynamics of Core Capability, 
Sloan Management Review, 29-48. 
21 Urban, G. and J. Hauser (1993), Design and Marketing of New Products, 2nd ed., Prentice-Hall: NJ. 
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and engineering in a given area, proactive product strategies should be adopted. When a 
firm lags behind a competitor in research, reactive product strategies must be adopted. 
Accordingly, a firm’s technology strategy determines the necessary proactive or reactive 
product strategies of its businesses. 

In business, strategy is a process for setting the direction of the business’s future. The 
future of the business that the strategy envisions may not occur. Without strategy, 
however, the future that will occur to a business will have been missing the ability of 
management to prepare and influence the future. Strategy is, therefore, a management 
opportunity to help bring about a desired future. Strategy is direction; planning is how 
to go in that direction. Operational effectiveness does not constitute strategy. Strategies 
against competitors mean going beyond operational effectiveness and best practices and 
differentiating the company: the essence of strategy is choosing to perform activities 
differently than rivals do. This is why technology strategy is important to business 
strategy. Technology strategy provides an important means for differentiating products. 
Strategic management must begin with a vision of where the company wants to go and 
how will it be differentiated from competitors. Kaplan and Norton (1996) have noted 
that implementing a vision requires a set of processes. The first process is translating the 
vision into a plan. The second process is communicating the plan and linking it to 
performance measures and the reward system. The third process involves setting 
business targets and allocating resources. The fourth process focuses on feedback from 
performance to the vision to refine and change the vision from the impacts of reality.22

Prahalad and Hamel (1990) suggest strategies for corporate diversification that center 
on building a core competency. Core competencies can aggregate around technical or 
marketing competencies and these should provide competitive advantage through 
customer- perceived value, be difficult for competitors to imitate, and be extendable to 
new markets.23 The particular strength of diversification around core technical or 
marketing competencies is that the managers of the company understand and know how 
to run. It is of great importance to identify and assess the nature of the relationship 
among a company’s distinctive technological competence, its organizational structure, 
and its overall strategic orientation.24 The strategy framework is particularly appealing 
because it integrates in two relevant dimensions. First, the concept of strategy 
formulation calls for a perspective that cuts across the boundary of the organization, 
matching capability to opportunity. Second, the concept of strategy implementation 
requires the translation of higher-level abstractions into more concrete terms that can be 
implemented.25 In developing core technology competencies, the strategic branching of 
technologies can develop new products lines. Core technology strategies can be 
generated from two goals: to improve the chances for the long-term growth of a product 
line (by technological innovation that improves the product to compete on technical 

                                                           
22 Kaplan, R.S. and D.P. Norton (1996), Using the Balanced Score as a Strategic Management System, 
Harvard Business Review, January-February, 75-85. 
23 Prahalad, C.K. and G. Hamel (1990), The core Competence of the Corporation, Harvard Business 
Review, 79-91. Gallon, M.R., H.M. Stillman and D. Coates (1995), Putting Core competency Thinking 
into Practice, Research-Technology Management, 20-28. 
24 Kantrow, A.M. (1980), The Strategy-Technology Connection, Harvard Business Review, 6-21. 
25 Rosenbloom, R.S. (1978), Technological Innovation in Firms and Industries: An assessment of the State 
of the Art, in Kelly, P. and M. Kranzberg (eds.), Technological Innovation, San Francisco Press. 
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performance or lower price); to find new applications and/or customers for the product 
line.26 In 1996, a subcommittee of the Industrial Research Institute identified five best 
practices for improving the integration of technology planning with business planning:27

– Establish a structured process of technology planning 
– Foster active involvement between R&D and other functional areas. 
– Get top management commitment to understand and support technology strategy. 
– Organize for effective technology planning and buy-in by all functions. 
– Hold both R&D and business units accountable for measurable results. 

Planning is a process for envisioning a future and detailing a way to attain that future. 
Formal planning in organizations is important and necessary for: 

– Determining a direction for the organization’s operations; 
– Communicating that direction to the participants in the organization in order to 

foster their cooperation in going that direction; and 
– Making explicit the assumptions about the organization’s environments in which 

the direction has been chosen. 

The logic of planning requires several intellectual steps, which result in vision, goals, 
strategy, and resources. Any formal plan should contain the following sections: vision 
(direction to the future), Planning horizon (distance to the future), planning environment 
(trends in the contexts of the organization), strategy (long-term means to attain the 
desired outcomes), goals/objectives (concrete series of outcomes to be attained), and 
tactics (current and next-year means), required resources (facilities, equipment, and 
personnel required for tactics and strategy), and budget (cost of resources). 

– All plans require a vision of a possible future. This vision sets the direction for the 
organization. Part of that vision must be the time period for the vision, the 
planning horizon – how long the plan is to be in effect and how far into the future 
the planning is to cover. Another part of the vision should be explicit assumptions 
about the environment in which the organization operates, and the changes and 
trends in these environments that the organization expects to encounter. 

– A series of goals (or objectives) to be obtained in proceeding in the direction of the 
vision must be determined. The goals or objectives express the intention to follow 
the vision’s direction and set concrete outcomes to be obtained in following it. 

– After vision and goals, a plan should determine strategy. Strategy is the long-term 
manner in which the goals are to be attained – the means of going in the vision’s 
direction, to get to the concrete outcomes of the goals. Since strategy denotes long-
term means, short-term tactics are also required – that is, the way things will be 
done in the near future to begin or evolve the strategic means. 

– The next part of a plan involves the resources required to perform the tactics and 
strategy in terms of facilities, equipment, and personnel. The last part of the plan is 
the budget – what it will cost to implement the tactics and strategy. The budget will 
be estimated annually and for the time period required to reach goals or to project 
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to a planning horizon. 

A study of the planning practices of 120 companies found that a range of degree of 
formalism of planning practiced by these companies: 1) basic financial planning, 2) 
forecast-based planning, 3) externally oriented planning, and 4) strategic planning.28

– At the first level, only an annual budget is prepared in a functional format. The 
assumptions in preparing the budget are not explicitly spelled out. Therefore, 
management cannot compare the previous year’s plan to current performance in 
order to judge whether management’s assumptions about the concept of their 
enterprise are correct. 

– At the second level, forecast-based planning is usually begun when the need for 
future capital spending is recognized. Financial forecasts are then required to 
estimate the future return on investment of capital spending. The weakness of this 
form is that assumptions on which forecasts are based are usually not explicit, nor 
are alternative assumptions tested. 

– At the third level, externally oriented planning, management sees past forecasts as 
inaccurate since the environments (business, economic, financial, regulatory, and 
technological) have changed and invalidated the past forecasts. Then, management 
tries to explicitly take into account the possibility of changes in the firm’s 
environments in the forecasts and plans. However, externally oriented planning 
may not yet pursue the possibilities of how a firm may be strategically proactive in 
helping to shape changes in its environments. 

– At the fourth level, strategic planning, forecasts, environmental changes and 
proactive strategies to deal with changes are formulated. Technology strategy 
requires this level of corporate planning since technology strategy is a proactive 
plan to change the company’s technical capabilities, altering its environments and 
creating a desired technical and commercial future. 

A technology strategy is an understanding and commitment of improving the knowledge 
and skill base of business practices. Technology strategies can be offensive or defensive. 
Offensive technology strategies aim to position a firm in a high-tech industry, and 
defensive technology strategies aim to defend a firm’s position in a commodity industry. 
Both strategies are important, since large, diversified firm will likely to have both high-
tech and commodity businesses. 

Since an enterprise system is a value-adding transformation from resources to 
products/services, relevant technologies about which strategy to formulate must be 
determined by the technologies of relevant value-adding transformations. Changes in 
the process technologies affect value-adding activities of operations. Changes in the 
technologies of resource acquisition affect the value-adding activities of inbound 
logistics. Changes in the technologies of transportation and distribution affect the value-
adding activities of outbound logistics. Changes in the technologies of product affect the 
value-adding activities of marketing, sales, and service. A firm can be a high-tech 
company to the extent that it uses technological innovation in any of its enterprise 
subsystems (product systems, production systems, distribution systems, and information 
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systems) to gain competitive advantages. Technology strategy must be formulated about 
improving all the knowledge bases of business systems. 

Technologies in the industrial value-chain of a business are also relevant to a business’s 
technology strategy. A change in technology upstream will affect types, quality, and cost 
of supplies for business. A change in technology downstream of a business will affect 
the demand, quality, or price of a business’s products. It is important to formulate 
technology strategies for all the technologies of the industrial value chain: 

– Identify all the distinct technologies and sub-technologies in the firm and industrial 
value chains. 

– Identify potentially relevant technologies in other industries or under development 
from new science. 

– Determine the likely path of change of key technologies. 
– Determine which technologies and potential technological changes are most 

significant for competitive advantage and industry structure. 
– Assess a firm’s relative capabilities in important technologies and the cost of 

making improvements. 
– Select a technology strategy, encompassing all the important technologies, that 

reinforces the firm’s overall competitive strategy. 
– Reinforce business unit technology strategy at the corporate level. 

Technology plans anticipate and implement changes in the core and pacing technologies 
of an enterprise. Since technology plans need to be integrated into anticipated changes 
in the enterprise system, these plans need to detail anticipated impacts on: 1) enterprise 
evolution; 2) new or improved products or services; 3) new or improved production 
capabilities; 4) new or improved marketing capabilities; 5) requirements for and impact 
on capitalization and asset capabilities; and 6) new or improved organizational and 
operational capabilities. 

– A complete business plan consists of 1) enterprise strategy, 2) product/service 
strategy, 3) manufacturing strategy, 4) marketing strategy, 5) financial strategy, 6) 
organizational strategy, and 7) technology strategy. 

– In the vision of business plan, the core technologies of the firm should be 
delineated and their pace of change envisioned. For a future of rapid change in a 
core technology, the management team needs to commit to keeping the firm 
competitive in the core technology or decide to withdraw from businesses that is 
dependent on it. 

– In the planning environment of a business plan, it is important to forecast the 
directions and rates of change of the core technologies of the firm. It is also 
important to identify and forecast any potentially substituting technologies for any 
of the core technologies. 

– In the strategy of a business plan, it is necessary to formulate how to exploit 
technological change in the firm’s businesses. 

– In the tactics of a business plan, each profit center must formulate how to exploit 
technological change in the improved or new product lines, services, or production. 

– In the required resources of a business plan, it is important to plan how research 
units of the firm need to contribute to divisional plans. 

– In the budgets of a business plan, R&D expenditures must be planned as part of the 



122                                    Long-Run Economic Growth and Technological Progress 
 

firm’s investment in its future. 

In business planning, since the details of technological change can be obscure without 
an appropriate background, it is important for technical management to communicate 
technology’s impact on businesses, rather than dwell on technical details. A useful way 
to do this is to discuss technological change in the business plan in the form of 
technological scenarios. Scenarios should be formulated in a ‘what-if’ and forecasting 
mode, estimating, if certain technological progress were made, what the impacts would 
be on relevant product lines, production processes, or environmental conditions. 
Technology scenarios should help the corporation focus on technological opportunities 
and their impact on market needs and business opportunities during its strategic 
planning. It can be useful to use metrics as a part of the technology strategy to 
numerically examine the contribution of technological innovation to the firm. But the 
use of metrics as indicators of activities can be either helpful or misleading, depending 
on how they are used for decision-making. Metrics alone never accurately measure 
complex activities, such as research, but they can be helpful. There are many metrics 
that can be used to help assess the value of R&D, some more or less useful.29 But 
metrics, however well used, cannot substitute for ideas. It is the direction of technology 
change – the new ideas for technology – that is far more important to technology 
strategy than metrics of past contributions of technology. 

Technology strategy results in technology plans and technology implementation. The 
implementation of technology strategy occurs in procedures that integrate technology 
creation and development with commercial innovation of the technology in products, 
processes, or services. Procedures to facilitate this integration of implementation use 
logic of both technical and business development.30
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5. Market Failures and Policy Responses 

5.1 R&D Policy as a Critical Element of Growth Policy 
With respect to economic growth policy, there exist three schools of thought. Two of 
these largely ignore the role of technology in economic growth. Many conservatives 
support a philosophy that slow growth is largely the result of tax and regulatory burdens 
and recommend a ‘supply-side’ approach. The main tenets are large-scale reductions in 
the roles of fiscal policy and in regulation. The focus on fiscal policy is based on the 
idea that lower taxes will stimulate savings and investment. The increased investment 
will create jobs and raise incomes. This approach has century-old origins and, in spite of 
being discredited, continues to reappear periodically. The criticism against this philos-
ophy is that general tax reductions do not necessarily lead to significant increase in 
investment. The supply-side policies implemented in the US in the 1980s resulted 
mainly in excess consumption, rather than an expansion in production capacity. 

A second philosophy, supported by liberals, blames slow growth in general on less 
government intervention. As reasons for no growth or even declines in real incomes for 
major segments of workers, this group points to changes in policy in the 1980s such as 
deregulation, weakened unions, investment by domestic companies overseas, privatized 
public services, and attitudes favoring large payments to CEOs while holding back pay 
increases to labor. These institutional changes are linked to a deterioration of tacit social 
compacts that once gave wage workers more security, more bargaining power, and a 
bigger share of the total product. The problem with this philosophical approach is that it 
focuses almost entirely on distributional issues. In this sense, it is the exact opposition 
of the supply-side approach. The strong reliance on social compacts detracts from the 
essential emphasis on promoting adaptations to changing global economic conditions. 
Both Europe and Japan are learning the hard way that attempts to artificially maintain 
employment or wage and salary levels or to protect domestic firms create progressively 
greater economic strains, so that gains for all economic agents are severely constrained 
in the long run. 

The third philosophy has both conservative and liberal components but is nevertheless 
still struggling to become consensus policy. It focuses on the amount and the patterns of 
investments. The underlying theme of this investment-led approach to economic growth 
is that the economic pie must grow at a high and sustained rate for all economic agents 
to benefit and that the investment required to attain desired growth rates has several 
distinct components, which respond to different economic incentives. The supply-side 
philosophy at least emphasizes investment in general, but it ignores distinctions among 
the different types of investment or the sources of financing. This failing leads to 
support for growth policies that reject addressing investment compositions and the 
consequent marginal productivity differentials. This investment-oriented philosophy has 
experienced several spurts of support in recent decades. 

In the literature on economic growth, technological progress is conceived either as a 
free good, or as a byproduct of other economic activities, or as the result of intentional 
R&D activities in private firms. All three perspectives have some merits. Basic research 
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in universities and other public R&D institutions provides substantial inputs to the 
innovation process. Learning by doing, using and interacting are also important for 
technological progress. However, it is now increasingly accepted, even among many 
neoclassical economists, that models without the third source of technological progress 
overlook one of the most important sources of technological progress in capitalist 
economies. 

To some extent, there appears to be a convergence in assumptions between formal and 
appreciative theorizing in this area, but important differences remain. While formal 
theorizing adopts the neoclassical perspective of firms as maximizing profit, endowed 
with perfect information and foresight, appreciative theorizing increasingly portrays 
firms as organizations characterized by varying capability and strategy, and operating 
under uncertainty with respect to future technological trends. Although some formal 
theories now acknowledge the importance of firms for technological progress, these 
theories essentially treat technology as blueprints or designs that can be traded on 
markets. In contrast, appreciative theorizing describes technology as organizationally 
embedded, tacit, cumulative in character, influenced by the interaction between firms 
and their environments. Another possible remaining difference in perspective related to 
the need for governmental intervention, in particular with respect to financial markets, 
in supporting the growth of national technological capabilities. Appreciative theorists 
have repeatedly argued that imperfect financial markets act as a constraint to successful 
catch-up, and intervention in financial markets therefore is a must. Formal theorizing in 
this area has retained the neoclassical framework of perfect capital markets, on a 
national or global level, and thus excluded this possibility by assumption. 

The catch-up debate and the development of the new growth theory have spurred 
empirical work on factors affecting differences in growth across countries. When the 
individual studies are put together, a rather consistent picture emerges: the potential for 
catch-up is there, but is only realized by countries that have a sufficiently strong social 
capability, e.g., those that manage to mobilize the necessary resources (investments, 
education, R&D, etc.). The results also indicate that many of these factors should be 
seen as complements rather than substitutes in economic growth. But it seems difficult 
to use the results from these studies to discriminate among different theories in this field. 
Despite different theoretical perspectives, the empirical models were indistinguishable. 
Researchers from both strands included the same variables for different reasons.1

Global competition is forcing a widespread restructuring of the national economy. 
Although the resulting increased efficiency has improved overall competitiveness, these 
gains have not been sufficient to reverse several decades of decline in the real incomes 
of a majority of workers. Moreover, increasing competition from the expanding global 
economy and movements towards similar restructuring in other nations continues to 
create uncertainty for both labor and business. These trends have elevated the issue of 

                                            
1 Both researchers inspired by technology-gap studies and adherents of the neoclassical model had 
included GDP per capita as an explanatory variable in cross-country regressions, though for different 
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national technological activities, did the estimated models begin to look (at least marginally) different. 
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the determinants of economic growth on the list of national concerns. Debates over 
economic growth policy focus on both the level of growth itself and the distribution of 
the benefits from growth between workers and businesses. In this debate, technology 
has risen steadily with respect to attention received among the several sources of growth. 
Technology or intellectual capital is the last sustainable competitive advantage.2 Long-
term economic growth and competitive position are determined by the amount and 
composition of long-run investment, which can be directed toward three basic 
categories of economic assets: human capital, physical capital, and intellectual capital. 
No economic asset, including technology, can by itself drive economic progress. 
However, the pace and content of advancing technical knowledge drive the composition 
of physical capital and labor skills. This places technology in a uniquely strategic 
position among economic assets. 

The pace of technological change is so rapid that firms adopt radically new, strategic, 
organizational, and management principles – at least by those that will survive. 
Economists and business analysts are frequently emphasizing technology as the core 
element of long-term corporate strategy. However, research-intensive industries are 
under increasing pressure to maintain global market shares. As more nations adopt 
technology-based growth strategies, the greater competition is resulting in compression 
of the lifecycle of each generation of technology. Such pressures magnify the market 
failures that appear throughout a lifecycle of technology. Thus, removing the barriers 
that cause market failure is the primary objective of R&D policy. Such policies will be 
less effective, however, if conceived and implemented in isolation from economic 
growth policy. R&D does not end with the first commercialization of a new technology. 
R&D must adapt and continue to sustain market penetration over the entire technology 
lifecycle. The dysfunction in the policy process that separates economic concern from 
technology development issues contributes to inadequate industry structures. The key to 
industry structure is the overall efficiency of the supply chain. The experiences of the 
past three decades strongly indicate that an inefficiently structured supply chain will be 
eventually hollowed out. This hollowing out process occurs sequentially over a number 
of years, without being recognized. 

A major shift in the nature of technology that performs a particular marketplace function 
can create gaps between present R&D capabilities of private sector and requirements for 
further technology development. In cases where adjustment by the existing domestic 
industry is slow, it can fall far enough behind foreign competition to make maintaining 
competitive position impossible. New technologies may require a scope of R&D 
capabilities that does not exist within firms. Similarly, emerging technologies frequently 
offer a scope of market opportunities that often exceeds existing corporate strategic foci. 
If pursuing multiple market applications is a requirement for an acceptable reward-to-
risk calculation, under-investment can result. Acquiring the needed R&D capabilities or 
refocusing the R&D portfolio is frequently a major hurdle for firms that, once beyond 
this barrier, could compete effectively. Also, the scale of the R&D can increase to the 
point that it creates a severe financial risk from an R&D portfolio management 
perspective. Again, adjustments may be too slow in terms of changing R&D and 
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marketing portfolios. These categories of market failure are both internally complex and 
interactive among themselves. This multiplicity and complexity of investment barriers 
create a substantial burden for a national technology policy. Moreover, since technology 
investment decisions are made at very decentralized levels, technology policy must be 
built on understanding of the microeconomic structures and behaviors that characterize 
technology-based economies. In order to ensure adequate incentives for private invest-
ment R&D and the effectiveness of diffusion and utilization of the results of R&D, 
microeconomic level of analysis should be undertaken. Public investment contributes to 
a new and increasingly complex type of economic infrastructure that is evolving rapidly 
worldwide and will be a major determinant of a nation’s competitive position. A totally 
new and highly complex set of technology-based infrastructures is emerging that will 
significantly determine future relative rates of economic growth. 

Industrial technologies are mixed economic assets in that they have both private and 
public elements (elements having a public good character). This implies systematic 
under-investment by individual firms. Hence, the R&D processes that produce public 
elements should be financed to varying degrees by sources beyond a single firm – i.e. 
groups of firms or combinations of industry and government. As a relatively complex 
microeconomic approach to S&T policy, this position is slowly but relentlessly gaining 
ground in most industrialized countries. Once the basic rationales for the existence of 
multiple technology elements are accepted, a second level of economic issues must be 
addressed that concern design, implementation and evaluation of specific R&D policies. 
Thus, better analytical tools are needed that facilitate policy analysis, development, and 
impact assessment. These latter requirements have been largely ignored. Sound and 
effective policies will not be developed or effectively managed without adequate policy 
process capabilities. 

S&T policy analysis can be grouped into three major categories: 1) rationales for S&T 
policy, 2) strategic planning, and 3) economic impact assessment. In the first category, 
systematic market failures are identified and characterized, which lead to rationales for 
R&D support programs. Once the government role in R&D is approved, it should be 
implemented through strategic planning. In recent years, industry has greatly increased 
the resources devoted to strategic planning, but government R&D agencies have not 
upgraded their planning activities to the same level. When R&D support programs are 
approved and funds budgeted, economic impact assessment studies should be regularly 
conducted to determine the effectiveness of various projects within the programs. The 
results of impact assessment should be then fed back to the managers of these programs 
and also to the policy process, so that appropriate adjustments can be made. 
The strategies and policies that affect the development and use of technology must be 
conceptualized and analyzed in the context of the broader economic growth process. 
The effectiveness of R&D policies depends on complete integration into broader growth 
policies. However, the substance of R&D policy and the institutional process of policy 
development are inadequate. The economic basis necessary for sound policy analysis is 
deficient; the analytical skills for developing R&D policies are generally inadequate; 
and the available analytical procedures and mechanisms are not integrated into broader 
framework of growth policies and issues. More comprehensive policy analysis of R&D 
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involves the assessment of technology, business strategy, and economic trends. These 
assessments should be combined into the desired policy analysis, using an accurate and 
comprehensive analytical framework. This task is daunting, due to the multidisciplinary 
nature of the required inputs and the need to present information that is usable for three 
audiences – economists and policy analysts interested in economic growth, business 
managers concerned about the policy environment, and those actually involved in the 
policy decision-making. 

5.2 Technology-Based Market Failures 

The implication of technology lifecycles for R&D policy 
Value is added over the entire technology lifecycle, as the elements of technology are 
adjusted and improved. Feedback effects from market experiences permit continual 
improvements in market applications of the technology. In innovative industries, 
however, new technologies appear that perform marketplace functions more efficiently, 
and these events affect the lifetimes of the existing technologies. Any technology has 
physical and organizational limits against which continued improvements eventually 
bump. New, more efficient technologies eventually appear and the current technology’s 
lifecycle ends. The tendency of firms to focus on the current technology and its market 
applications rather than the function the technology performs is the main reason why 
market leaders in a lifecycle tend to disappear in subsequent ones. Considerable 
resources and unique combinations of assets are required to attain and maintain market 
share during a particular lifecycle. Such assets are not just technological, but include 
organizational and behavioral elements, as well – all suited to the current technology 
base of the firm’s operation. These assets are frequently not adequate for the next 
lifecycle, and they are controlled by vested interests within firms. Thus, management 
encounters resistance, even if it perceives the need for change. 

The concept of a technology lifecycle is important for R&D strategies since it implies a 
time-dependent pattern of R&D investment. Each cycle starts with specific product or 
process innovation derived from a generic technology base, which is, in turn, based on 
previous scientific advances. Continuous improvements are made in the product/process, 
but a new version of the generic technology is eventually developed and a new cycle 
begins. The basic technology lifecycle is frequently limited to an application of generic 
technology in the form of a single class of products, which is also referred to as the 
product lifecycle. A succession of product lifecycles is typically derived from the same 
generic technology. The economic life of the generic technology forms an envelope 
lifecycle comprised of the shorter product lifecycles. Eventually, the generic technology 
becomes obsolete and is replaced. These mid-length cycles offer opportunity for new 
groups of firms to enter the marketplace and supplant existing technology leaders. The 
evolution from a mid-length cycle to the next can be traumatic for companies that do 
not prepare for it, as the change in the generic technology can be marked enough to 
require distinctly new production and marketing strategies and new approaches to R&D. 

Market penetration by a new technology is often quite rapid, once a threshold level of 
market share is reached. However, the new technology can suffer ‘growing pains’ and 
may even under-perform the old technology for a while. Such transition period pose 
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considerable risk for innovating firms. Thus, a firm attempting a major innovation must 
be willing to move from point A to point B in the early phase of the new technology’s 
lifecycle. The greater the technological advance, the more severe and prolonged this 
situation is likely to be. 

Figure 5.1 Technology Lifecycles 
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Technology lifecycles have several distinct characteristics that have implications for 
R&D policy. 1) Major scientific breakthroughs, followed by clusters of technological 
innovations, do occur and set off major ling-term economic expansion. 2) The time 
between invention, innovation (first commercial use), and major economic impact 
(widespread market penetration) can be long, spanning several decades, but the market 
transition to a new technology lifecycle requires preparation and can take place before 
firms using the old technology realized that change has occurred. 3) A major reason that 
such cycle transitions are difficult is the fact that complementary economic assets 
(skilled labor, capital, and infrastructure) needed to successfully develop and market 
technologies may not be available and vary significantly from one lifecycle to the next. 
4) The current transition to a knowledge-based service economy is based on continuing 
major changes in digital electronics and the advent of complex knowledge systems 
based on that digital technology. 5) These changes are requiring major adaptation by the 
economies of industrialized nations, but the typical pattern is, once again, for the 
economic leaders of the previous technology lifecycle to be left behind as the new ones 
emerges. The major reason is the tendency to become ‘locked in’ to investments in the 
economic assets that work in the current technology lifecycle. 6) Even when entry 
position in new technologies are achieved, the dynamics of a technology-based 
economy demands continual adaptation over the entire lifecycle. 

The current shifts in investment to knowledge-based technologies, upheavals in employ-
ment patterns, and slow rates of economic growth among AICs are clear manifestation 
of this cycle-based long-term model of economic growth. The last phase of a major 
technology lifecycle is characterized by intense competition, shrinking profit margins, 
and structural unemployment (or under-employment) – all of which have been observed 
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in industrialized nations during the 1990s. Economic growth policy should help ease 
transition costs, but it must also facilitate adaptation to the next technology lifecycle by 
identifying the relevant market failures and developing appropriate responses. The new 
technologies that will drive the next lifecycle are already in existence, but with small 
market shares. Thus, the opportunity for adaptation is available, but usually not taken 
advantage of until economic conditions have become significantly distressed. 

Private-sector investment strategies involve continual trade-offs between successive 
generations of a technology, each derived from an evolving science base. The R&D 
process within a single generation has a linear progression dimension to it while at the 
same time embodying feedback as part of an iterative process of continually improving 
the original innovation and producing and marketing it less expensively. Managing 
‘cycle time’ has become a focus of corporate organization and behavior. Planning for 
multiple generation of technology is even more complicated. Markedly new elements of 
technology may be needed either for the product or the production process, and they 
must be available in the right time period dictated by competitive trends. Doing so 
effectively requires the company to consciously obsolete existing product technology in 
favor of next generation and requires careful planning across the entire company.3

A major policy concern is the degree to which private industry can allocate resources to 
longer-term, next-generation R&D. Anecdotal evidence and some survey data imply 
substantial dynamism and adaptation of some R&D-based firms. In many industries, 
more than one-half of the sales come from product developed in the previous two years. 
Moreover, the business management literature has for several decades preached the 
need for long-term vision, corporate leadership, and benchmarking as the tools for 
ensuring survival across intermediate and longer-term technology lifecycles. Yet, fully 
90% of so-called new products are simply line extensions, despite the fact that truly 
original products possess significantly more profit potential. More important are the 
data cited in surveys, such as those by the Industrial Research Institute, which indicate 
an overall shift away from longer-term higher-risk next-generation research. Some 
companies have demonstrated how to solve the mid-length lifecycle migration problem 
by decentralizing management and give greater authority to line-of-business managers. 
The organizational strategy tends to prevent lines of business with a vested interest in 
existing technologies from suppressing pursuit of new technologies4 In general, the 
breakdown in a firm’s ability to make the transition between technology lifecycles 
increases with the degree of technological change involved. The more radical is the 
change along one or more dimensions, the more likely for one or more types of market 
failure to appear and block the required investment. Transitions across even major 
technology lifecycles can be viewed as a part of the natural process of evolutionary 
economic change.5 Unless domestic firms have access to the new generic technologies, 

                                            
3 In 1996, Intel established for the first time a dedicated long-term research unit to prepare for the next 
mid-length cycle. 
4 IBM’s experience in the 1980s is an example of how entrenched lines of business (mainframe 
computer) can suppress strategic investment in significantly new versions of the same basic technology, 
Personal computers (PCs). 
5 Examples of transitions across major technology lifecycles are vacuum tubes to semiconductors, paper 
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and have the skills and management expertise required by these technologies, those 
firms (and possibly the entire domestic industry) will lose out to others as has happened 
repeatedly in the past. 

Technology infrastructure 
For the 30 years after the Second World War, technology was deemed to be a purely 
private good, and thus government was not thought to have a significant role in its 
development and diffusion. A major reason for adherence to this concept was the belief 
that the rush of new technologies appeared in the post war period was successfully 
driving the US economy. In fact, the high growth rate of US economy in this period was 
driven more by lack of significant foreign competition than by rapid penetration of new 
technologies. This conceptualization leads to a policy view that government’s role 
should be limited to funding scientific research in universities. Industry then applies the 
resulting knowledge in the marketplace with no further assistance from government. 
Any government involvement only interferes with the resource allocation function of 
the market. Since the mid-1980s, global competition have been promoting the evolution 
of conceptual model of technology-based economic activity, which recognized that: 

– The typical industrial technology is a mixture of public and private elements; 
– Time has a major impact on private investment decisions; and 
– Risk exists in several forms, which can act in combination to affect investment in 

certain critical technological elements and in technology generally at certain points 
in the technology lifecycles. These factors lead to several types of market failure.  

The public attributes of some technology elements give then an infrastructure character. 
These infrastructures have tended to increase in importance. As commercialization of 
new technologies becomes more dependent on rapid and cost-effective development and 
use, firms have been forced to focus on those elements that are highly proprietary and 
that can be brought to market in a relatively short period of time. Other elements of the 
overall technology are increasingly sought from external sources. Systems technologies 
become more complex and are seldom provided by a single firm. In response to these 
increased needs, AICs made substantial investment in new technology infrastructure to 
support their domestic industries. Technology infrastructure is defined as an element of 
an industry’s technology jointly used by competing firms. There are three categories of 
technology infrastructure. 

– A category of technology infrastructure is generic (fundamental) technologies, the 
first result of attempts to draw upon basic science for market application. They are 
the core concepts from which specific commercial applications are developed 
through subsequent applied R&D. Its infrastructure character derives from the fact 
that the generic technology base is simultaneously drawn on by competing firms to 
develop proprietary products and processes.6

– A second category of technology infrastructure includes the various techniques, 
methods, and procedures that are necessary to implement the firm’s product and 

                                                                                                                                
to electronic information storage, analog to digital computing and communications technologies, and 
trial-and-error drug development to genetic engineering. 
6 The concept of generic technology has been defined by Nelson (1987). 
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process strategies. Methods such as total quality management can be differentiated 
upon implementation in a firm. However, they should be traced back to a set of 
generic underlying principles, if customers are to accept claims of product quality. 

– A third category of technology infrastructure consists of a set of ‘technical tools’ 
for making the entire economic process more efficient or, in some cases, possible 
in the first place. Collectively, these tools are called infra-technologies, which are 
ubiquitous in terms of their scope of impacts on the typical technology-based 
industry. They become embodied in or support generic technology development 
and its subsequent market applications by providing research methods and 
evaluated science and engineering databases. They also provide the technical basis 
for standards, such as those affecting process and quality control at the production 
stage and the efficiency of market transactions through reducing performance risk 
to the buyer of advanced products and services. They are necessary to define many 
complex interfaces that are essential for efficient systems technologies such as 
automated factories and communications networks. 

A generic technology embodies a laboratory-proved concept but not the subsequent 
market-specific products and processes that are eventually derived from it. Achieving a 
level of generic technical knowledge sufficiently reduces technical risk in most cases to 
allow investment decisions to be made with respect to subsequent applied R&D. 
However, because generic technology research typically faces substantial technical risk, 
a relatively long time to expected commercialization, and possibly substantial 
economies of scale and scope, under-investment can occur at the corporate level. Thus, 
much generic technology has come to be viewed as having substantial public good 
content (i.e. as infrastructure). Much of this phase of R&D is therefore developed 
jointly by firms that either have a supplier-user relationship or compete against each 
other later in the technology lifecycle. The rationale for potential competitors to 
collaborate is that sharing the early-phase research results (the generic technology) and 
having access to it earlier in the global technology lifecycle is preferable to an ‘all-or-
nothing’ strategy, in which each firm tries to independently develop the generic 
technology as a totally proprietary assets. The strength of the market failures that appear 
at this phase of research determines if pure industry collaboration will suffice or if 
government support of the collaboration is also required. 

Scientific knowledge is drawn upon to develop the generic technology base of the 
industry. The research typically results in a ‘proof of concept’ presented perhaps by a 
laboratory prototype. Such a device is not close to being market ready, but it serves the 
essential function of reducing technical risk to the point that private-sector funds can be 
committed to the more expensive applied phases of R&D. Generic technology research 
also reduces technical risk sufficiently to allow market risk estimates to be made.7 
Nevertheless the laboratory demonstration is often sufficient to stimulate the 
substantially larger amounts of applied R&D funds required to actually attain 
                                            
7 For example, the feasibility of building a ceramic automobile engine has been demonstrated in the 
laboratory, but such a prototype must be substantially refine through applied R&D before the economic 
advantages of lighter weight and higher operating temperatures (and hence greater fuel efficiency) can be 
realized. Making a ceramic composite engine requires a very different production process from that used 
to make a metal alloy engine and current process technologies are not yet cost effective. Moreover, the 
ceramic material itself must be prepared to exacting specifications to attain almost perfect homogeneity. 
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commercialization. As applied research ensues, both technical and market risk are 
reduced further to the point at which a commercial prototype results. This prototype 
embodies more precise technical attributes, in terms of responding to both performance 
goals and production requirements. In particular, much better market reward and risk 
assessments can now be made. If a second ‘go’ decision is reached, the final and most 
expensive development phase begins, which hones product and production attributes for 
specific market performance requirements and pricing strategies. At this point, 
innovation (commercialization) can finally occur. However, ‘sustaining engineering’ 
continues to improve both product and process attributes and support the actual market 
transactions, as penetration of successive market segments ensues. This last stage in the 
lifecycle can continue for some time or it can be truncated by a new technology. The 
longevity of this market penetration stage significantly affects the total value added by 
the current technology. 

Relatively small amounts are spent on generic technology research relative to applied 
research and development. This means that removing the market failures that lead to 
under-investment is not particularly expensive. However, the leverage is substantial and 
the timing of availability is critical. The ‘enabling’ generic technology base must be in 
place before effective applied R&D can be undertaken toward the frequently large 
number of derived products and processes. 

A misconception with respect to the technology lifecycle is that risk declines steadily 
throughout. In fact, a firm faces two types of risk: technical and market. The patterns by 
which the two types are typically reduced during R&D vary. As a result total risk does 
not decline steadily. Specifically, technical risk is reduced over the basic research phase, 
as greater under-standing of the underlying physics or chemistry enables more accurate 
predictions of feasible derived product or process technologies. However, once a 
decision is made to attempt to apply basic scientific knowledge to develop technologies, 
additional risks associated with the market potential of the technology (independent of 
technical risk) must be factored into R&D decision making. An additional risk must 
now be considered that the particular set of performance attributes in a new product will 
not meet market demand, or the cost reductions from new process technology will not 
reduce unit cost sufficiently to attain market penetration objectives. This additional risk 
occurs at the beginning of the early phases of technology research. The increased risk 
perceived in the early phases of technology R&D is therefore caused by a combination 
of technical and market factors and can be substantial relative to the levels of risk 
normally assumed by individual firms. In addition, the early phases of the R&D cycle 
can occur a considerable amount of time before expected commercialization, which 
means that whatever discount rate firms apply can significantly lower expected rates of 
return. The combination of high risk and discounting can lead to substantial under-
investment. A certain amount of risk is acceptable in return for high expected-rewards 
typical of technology-based markets. However, significant increases in risk brought 
about by severe barriers result in inadequate investment relative to levels needed to 
attain projected (potential) growth rates. 

Mechanisms of market Failure 
The factors that create market failure manifest themselves in specific mechanisms that 
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are behavioral, structural, or institutional in character. In all cases, market failures either 
prevent objective risk/reward assessment or lower the expected return relative to risk. 
Reward estimates are frequently affected by information-type market failures, while risk 
assessments by information, appropriability, complexity, size, and time factors. Market 
failures seem to be occurring at two levels: the overall level of R&D investment and 
within specific categories of R&D. The particular type of market failure determines the 
required policy response. Simply dividing risk into technical and market categories is 
insufficient for policy analysis. 

Table 5.1 Technology-based market failures and policy responses 
 Causes of market failure Policy responses 

General risk 
General investment risk aversion 
General R&D risk aversion 
Industry structure 

Capital gains tax incentive 
R&D tax credit 
Small Business innovation research 

R&D-specific risk 

Intrinsic technical 
R&D capital intensive 
Long time to market 
Wide scope of potential markets 
Technology/market mismatch 

Support generic technology research 

Market-related risk 

Collective use 
Industry structure (market access) 
High transaction costs 
Economies of scale and scope 

Support infra-technology research and 
standards 

Source: Tassey (1997) 

Market failure arising from general risk affect investment at fairly broad levels. In the 
case of macroeconomic investment barriers, the problem often stems from insufficient 
risk taking in the capital markets generally. Thus, the policy response must be directed 
at the financial infrastructure through, say, a capital gains tax reduction. Such incentives 
can be expensive because of the very broad range of financial assets subject to capital 
gains. Moreover, even though general risk aversion may be problem, all categories of 
financial assets typically do not suffer from under-investment. Yet, they can benefit 
from such a broad tax incentive. Risk averseness by the private sector with respect to 
aggregate investment in proprietary R&D is a frequent occurrence and can persist for 
some time. Such broad-based under-investment in R&D can be treated by tax incentives 
aimed at leveraging existing R&D investment strategies. The R&D tax credit has been 
the primary policy response. By sufficiently lowering the cost of R&D, a substantial tax 
reduction or credit may even stimulate investment in higher-risk R&D projects that 
previously fell below a firm’s hurdle rate for R&D projects. But, if the latter are the 
policy objective, a tax incentive is an inefficient mechanism, because, for every next-
generation R&D project that is stimulated, substantial amounts of R&D will be 
subsidized that would have been undertaken anyway. 

Market failures that appear either at specific phases of the R&D process or are 
associated with specific types of R&D that focus on public good technology elements, 
vary significantly in severity across technologies and the associated industry structures 
and therefore require targeted policy responses. Such market failures require a more 
focused policy instrument, typically involving direct funding of the specific phase of 
R&D or technology element research. But application of direct funding mechanisms is 
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not straightforward and can involve considerable overhead expenses to design and 
implement. Sophisticated policy analysis with significant inputs from the affected 
industries is required. 

Barriers arising from R&D-specific risk result from the interaction of the nature of 
required R&D and corporate investment criteria. These criteria are, in turn, determined 
by a firm’s internal R&D capabilities, market strategies (including risk preferences and 
diversification requirements), and time preferences. Thus these barriers are the result of 
either time or technical and market risks. In terms of actual mechanism, this class of 
market failure occurs when: 

– Technical risk is so high that market risk cannot be estimated (uncertainty); 
– The capital intensity of the research process is substantial (economies of scale); 
– The time to completion of the R&D and hence the time to commercialization is too 

long (the corporate discount rate is too high); 
– The scope of potential markets is broader than the scope of existing market 

strategies, so individual firms do not project economic benefits from all the 
potential market applications of the technology (economies of scope); or 

– The evolving nature of markets requires investment in combination of technologies 
that, if they exist, reside in different industries that are not integrated (coordination 
problem). 

Barriers stemming from market-related risk result from the need for an element of an 
industry’s technology to be used collectively (as a protocol or standard). Hence, all 
mechanisms classified under this type result, to significant degrees, from appropriability 
problem. In addition, the technical basis for these elements often arises from science 
and technology distinctly different from the industry’s core technology. So that 
economies of scale in R&D is a problem. Spillovers in individual markets and entire 
supply chains result in shifts of economic benefits between vendors and purchasers of 
new technologies. The lifecycles of many emerging technologies are characterized by 
increasing returns, resulting in a highly skewed distribution of benefits among suppliers 
of a technology. Thus, the dominant corporate strategy was simply to use more and 
more of the existing technology in a larger and larger production configurations, until 
the diminishing returns set in from the progressively less productive units of factors. 

5.3 Funding Generic Technology Research 
Generic technology is the technology base from which market applications are derived. 
Thus, generic technology research enables the subsequent applied research that results 
in market-specific products, processes, and services. It does this by proving technical 
feasibility in the form of a demonstrated conceptual model or laboratory prototype. 
Such early technological advances reduce uncertainty and then technical risk enough to 
allow private-sector decisions for the substantial follow-on investments in applied R&D 
and eventual commercialization. Generic technologies constitute the building blocks for 
much larger applied R&D investments that develop the specific products and processes. 
The generic technology base underlying a set of market applications does not remain 
static but evolves over time. Many technologies follow relatively well-defined cyclical 
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development patterns.8 Generic technology research receives investment attention from 
industry, since it is technology research and thus is undertaken with market applications 
as the motivation. Much of the evolutionary advance results from feedback effects, 
which arise both from the corporate R&D process (e.g. a line-of-business R&D units 
requesting work on some fundamental problem by the central research laboratory) and 
from manufacturing and marketing units. This evolutionary process is the pattern of 
periodic advances in an industry’s generic technology, followed by emphasis on a series 
of applications, which creates the technology lifecycle.9

However, market failures cause considerable under-investment in that a high short-term 
rate of return is not being realized. Market failures collectively cause considerable 
under-investment in that a high social rate of return is not being realized. The 
requirements of R&D policy are to identify the particular market failure mechanisms, 
estimate their severity and duration, and then construct investment incentives that are 
cost effective. 

Technology is an economic asset to be accumulated, used as part of an overall market 
strategy, and replaced as it depreciates or become obsolete. Obtaining technology assets 
                                            
8 Real or apparent exceptions can be found and this has led to confusion over the reality and strategic 
policy significance of the technology lifecycle concept. For example Edward Jenner developed the first 
vaccine 200 years ago, when he utilized cowpox to prevent smallpox in humans. His discovery was not 
derived from a generic technology created through a formal research process. He simply conceived a 
hypothesis and tried it out. Since then, vaccines have turned out to be one of the big success stories in 
medical science. They have been particularly effective against viruses. Until recently, the original generic 
concept underlying the development of a vaccine had not changed for several centuries. A vaccine was 
made from killed or weakened virus, which posed a small risk of infecting an individual, but for the most 
part stimulated the immune system to generate antibodies that prevent infection. However, in spite of this 
long-term success, research devoted to vaccines was significantly reduced for many years in the post war 
period after large judgments were issued against drug companies when some batches of polio vaccine 
were not properly processed and a few individuals developed the disease. This situation forced the 
Congress to make a cost-benefit calculation, and in 1986 the National Childhood Vaccine Injury 
Compensation Act passed. This act limited liability for makers of childhood vaccines and established a 
fund to compensate those injured by a defective one. This result was re-stimulation of conventional 
research. However, this action did not affect the generic approach to vaccine development, and the risk of 
accidental infection remained. About this time, biotechnology began to offer a new generic basis for 
creating vaccines. Drawing on several decades of basic research in molecular biology, a new generic 
technology was developed called genetic engineering. This technology makes it possible to produce just a 
portion of an infectious agent (an antigen), which can stimulate the desired protective immune response. 
By using just the antigen, the danger of an actual infection is removed. 
9 The basic and most readily observed lifecycles are manifested in a series of closely related product 
cycles that are collectively based on the same generic technology. Several such cycles tend to be derived 
from a more fundamental advance in the generic technology, such as a major circuit design concept, 
which collectively forms a mid-length lifecycles. An example is the integrated circuit replacing the 
transistor as the basic circuit design and providing the basis for many application-specific chips. These 
mid-length cycles are themselves components of long cycles (or waves), which derive from occasional 
major scientific breakthroughs (digital electronics based on semiconductor technology). The scientific 
breakthrough making possible the development of semiconductor was advances in solid-state physics, 
and for biotechnology it was molecular genetics. The generic concept underlying the transistor, the 
integrated circuit, and most recently the ‘system on a chip’ are all derived from the science base and drive 
mid-length cycles. Similarly, recombinant DNA, protein synthesis, and other concept and techniques form 
the generic technology base for biotechnology. Each of these major generic technologies has driven 
enormous amounts of applied R&D and continues to spawn an incredibly large number of products and 
services based on those products. 
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early in a life cycle can confer an important competitive advantage, leading to periodic 
assessments by the R&D policy community of the competitive status of US industry 
with respect to investment in ‘emerging technologies’ and the overall capabilities of the 
relevant domestic industry to compete with foreign industries. One of the characteristics 
of technology-based competition is that individual firms invest in technology assets that 
vary in content from those of competitors. Once acquired, the uniqueness of these assets 
presumably confers some market advantages, reflected in differentiated products, price 
charged, or services provided. Companies try to extract maximum cash flow from the 
competitive position conferred by these investments. This ‘cash cow’ mentality varies 
across industries, but strategic emphasis is clearly on applications of the technology 
base rather than on refurbishing the underlying generic technology.10

Restructuring by firms to adapt to slower growth and more intense global competition 
has resulted in general shortening of investment horizons. This, in turn, has reduced 
industry funding for early-phase, high-risk generic technology research. The result is an 
innovation gap between basic research performed largely in universities and the 
increasingly dominant short-term research conducted primarily in firms’ line-of-
business units. These reductions in next generation research will have pronounced 
negative effects on the economy’s overall growth potential. 

Even in the absence of such a secular shift in time and risk preferences, the natural 
dynamics of competition tend to focus corporate strategy on serving existing markets 
that affect cash flow in the immediate future. Thus, firms are strategically oriented 
toward applied R&D, which means a focus on successive product cycles deriving from 
the same generic technology. This orientation builds in stronger feedback loops between 
marketing and the applied R&D conducted in corporate business units than between this 
applied R&D establishment and any central research function that emphasizes next 
generation technology research. 

The transition from basic science to technological innovation was once fairly random. 
With few exceptions, both corporate and government R&D strategies ignored a range of 
R&D process barriers. The result was considerable delay between the point at which 
basic scientific knowledge became sufficiently advanced so that market opportunities 
could be perceived (and thus drive technology research) and significant technology 
R&D investment. The long time to commercialization implied by such an unstructured 
R&D process was not a serious problem for several decades after World War II, when 

                                            
10 The current structure of government R&D data does not help draw attention to the problem of 
insufficient private investment in next generation technology. NSF data are not disaggregated so as to 
isolate generic technology research. Instead, it is included in the broader category of applied research. On 
reason data are not collected is simply lack of appreciation for the unique characteristics of this early-
phase research. Another reason is the fact that this research is not particularly expensive compared to later 
phases, and its importance is therefore often underestimated. NSF data clearly indicate that the 
increasingly larger allocation of resources to each successive phase of R&D, as knowledge is advanced 
toward commercialization. For example, in 1995 $29.6 billion, or 17%, of all R&D conducted in the US 
was basic research; $39.8 billion, or 23% was applied research; and $101.7, or 60%, was spent on 
development. To a large extent, this distribution simply reflects the nature of different phases of R&D. 
However, the dependency of applied R&D on the leveraging effects of the underlying technology base 
implies that small changes in research strategies for early-phase research can have significant impact on 
the amount and type of investment in the later phases of R&D. 
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the US economy faced relatively little technology-based competition. The best that can 
be said is that a number of major generic technologies of this period were accelerated by 
government support in the pursuit of non-market missions such as national security. The 
severity of market failure in the early phases of technology research derives from the 
fact that once a market objective begins to drive R&D decision-making, the economics 
of the marketplace must be factored into the risk assessment. The requirements to 
develop a technology that has the performance attributes needed by the marketplace, 
can be produced at an acceptable cost, and can reach commercialization before the 
competition all combine to raise risk by the amount AB in Figure 5.2. 

Figure 5.2 Risk Reduction and Research Funding 
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Figure 5.2 also gives examples of policy response to under-investment at each of phase 
of the typical life cycle.11 Moving from left to right reflects the declining public content 
of the research and the increasing private content, as first technical and then commercial 
risk is reduced. Thus, each of the indicated policy responses requires a progressively 
smaller government share of the research costs. Science and Technology Centers bring 
together several science and engineering disciplines to adapt and extend basic scientific 
knowledge with the objective of initiating or enhancing industrial R&D. Thus, much of 
the research conducted under this program seems to fall at the transition point between 
scientific and technology research. The major market failures are high technical risk or 
even uncertainty about the probability distribution of possible outcomes (risk cannot be 
estimated). Such barriers result not just from intrinsic technical complexity but also 
                                            
11 Tassey, G. (1997), The Economics of R&D Policy, Quorum Books: Westport, Connecticut. 

 



138                                    Long-Run Economic Growth and Technological Progress 
 

from the broad multi-disciplinary research capabilities that are often required. Advanced 
Technology Program (ATP) is focused on generic technology research, where the 
research has ‘enabling’ potential for a range of market applications. The economies of 
scope typically present in enabling technologies, along with pronounced technical risk 
and projected long times to commercialization, make the market failures present quite 
severe. ATP must therefore take the proactive role of soliciting and evaluating proposals 
from industry and then fund a significant portion of accepted proposals. In the case of 
its focus programs, an additional objective is to achieve a minimum threshold advance 
in a particular technology over a relatively short period of time, thereby accelerating 
private-sector investment in follow-on applied R&D. The net result is expected to be a 
shortening of the front end of the technology life cycle. 

Where technical risk has already been somewhat reduced, commercial risk is known, 
and compatibility with existing industry market strategies is at least moderately good, 
industry funded and led consortia can often remove the market failures. Government 
may or may not be involved in such consortia. When it does participate, its role is 
simply as one of the consortium’s members, contributing certain research skills and 
facilities. Finally, as the technology life cycle shifts to more applied R&D (the generic 
technology is reasonably well established), market failures can usually be addressed by 
purely private collaboration. Here, barriers such as the absence within individual firms 
of complementary research skills or existing technology assets can typically be removed 
through two-firm joint ventures. 

Although Figure 1 represents tendencies in the use of different mechanisms for funding 
and conducting R&D, it somewhat oversimplifies the roles of each mechanism. Both 
consortia and joint ventures may be used across a range of generic and applied research 
projects. The selection of a particular mechanism is not made solely on the basis of the 
public good content of the research. The number of firms available with appropriate 
research capabilities, compatible market strategies, and sufficiently high-risk tolerances 
can determine if the resulting collaboration is a multi-firm consortium or a two-firm 
joint venture. In some cases, only one firm meets the criteria for government funding 
support. In extreme cases of market failure, government laboratories may conduct at 
least some of the research. 

Whatever the specific motivation (anticipated impact) of government cost sharing of 
private-sector generic technology research, the economic impact of the project should 
be projected to have significant spillovers. In contrast, government funding of private 
sector R&D for the purpose of achieving a more viable industry structure (creating new 
firms) can fall in the category of public venture capital subsidies. Programs addressing 
the latter objectives in the US include the Small Business Innovation Research (SBIR) 
and state venture capital subsidy programs. The research funded tends to be more 
applied in nature, in order to provide greater leverage for commercialization and hence 
the evolution of a viable industry structure. This distinction makes venture capital a very 
different R&D policy objective from generic technology research. Venture capitals take 
an equity position in young firms and typically do so only for a new technology where 
the target market applications are more relatively well defined and the cycle time has 
been estimated with some confidence. In other words, the venture capitalist is able to 
make both technical and market risk assessments. It is not surprising, therefore, that 
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private venture capital markets are not interested in funding the generic technology 
research required to reduce technical risk to the point that market risk assessments can 
be made. Unless the threshold level of risk reduction has been achieved, private venture 
capital will not be forthcoming. Finally, perhaps the most important distinction between 
the two phases of R&D is that the venture capitalist is not interested in high spillovers. 
In fact this phenomenon is generally considered a negative attributes because spillovers 
imply a lower innovator rate of return, which the venture capitalist has a stake in. 

Figure 5.3 Sequential Model of Development and Funding 
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The boxes at the top indicate milestones in the development of science-based innovation. The 
five stages interrelate in many complex ways. 

According to Branscomb and Auerswald (2002), most funding for technology develop-
ment in the phase between invention and innovation comes from angel investors, 
corporations, and the federal government – not venture capital. Of $266 billion that was 
spent on national R&D by various sources in the US in 1998, 2%-14% flowed into 
early-stage technology development.12 The remaining R&D funding supported either 
basic research or incremental development of existing products/processes. The exact 
figure is elusive, because public financial reporting is not required for these investments. 
Their method of arriving at a reliable estimate was to create two models based on 
different definitions of early-stage technology development – one very restrictive biased 
toward a low estimate) and the other quite inclusive (biased toward a high estimate). 
Despite the differences between lower and upper estimates, the proportional distribution 
across the main sources of funding for early-stage technology development is similar. 
Given either model, early-stage technology development funds from angel investors, the 
federal government, and large corporations (funding out of the core business technology 

                                            
12 Branscomb, L.M. and P.E. Auerswald (2002), Between Invention and Innovation: An analysis of 
Funding for Early-Stage Technology Development, NIST GCR 02-841. 
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development) are comparable in magnitude. Each of these sources accounts for roughly 
30% of the total early-stage technology development funds. 

5.4 Evaluation as a Source of Strategic Intelligence 
Many evaluation exercises reflect a growing concern with the link between evaluation 
and strategy. Increasing attention is paid to the way in which evaluation can inform 
strategy – and often in combination with benchmarking studies, technology foresight, 
technology assessments and other analytical tools. The combined use of such tools has 
been hallmarked strategic intelligence. Kuhlmann (2003) examined the need for a 
system of distributed intelligence that could provide public and corporate policymakers 
with access to strategic intelligence outputs produced in different locations for different 
reasons, and explores the design requirement of system architecture for distributed 
intelligence.13

Meta-evaluations of evaluation practices provide us with evidence of an increasing 
production of evaluative information for public policymaking in the area of research 
and innovation. Both the theory and practice of evaluation in this policy area have 
undergone important developments over the past decade. The following trends can be 
observed: 

– The major rationale for evaluations has shifted and evolved from an attempt to 
legitimate past initiatives and demonstrate accountability, to the need to improve 
understanding and inform future policies. 

– Correspondingly, the focus of evaluations has broadened from a narrow view on 
economy and efficiency of an initiative, and toward a more encompassing concern 
with additional issues, such as the appropriateness of a policy tool and a concern 
with performance improvement and strategy development. 

– Approaches to evaluation have evolved from the idea of objective neutrality to 
more formative approaches. The former is characterized by independent evaluators 
providing evaluation outputs containing evidence and argument with no recom-
mendation. In the latter, evaluators act as process consultants and mediators in 
learning exercises involving all relevant stakeholders, providing advice and 
recommendations as well as independent analysis. 

– This has facilitated more flexible and experimental concepts of policy portfolios, 
and even further demands for well-designed systems of monitoring, evaluation and 
benchmarking to support policy analyses and feedback into strategy development. 

Differing national, regional, or sectoral innovation cultures crucially affected the ability 
of economic actors and policymakers to produce and support successful innovations.14

 

                                            
13 Kuhlmann, S. (2003), Evaluation as a source of strategic intelligence, in Shapira, P. and S. Kuhlmann 
(eds.) Learning from Science and Technology Policy Evaluation, Edward Elgar: Cheltenham. 
14 Innovation systems described by the social scientists as explanations for the differing degrees of 
competitiveness of economies, especially of their technological performance and their ability to innovate.  
Each innovation system is rooted in historical origins, characteristics and unique industrial, scientific, 
state and politico-administrative institutions and inter-institutional networks. Innovation systems are 
encompassing the ‘biotopes’ of all those institutions which are engaged in scientific research, the 
accumulation and diffusion of knowledge, which educate and train the working population, develop 
technology, produce innovative products and processes, and distribute them; to this belong the relevant 
regulative bodies (standard, norms, laws), as well as the state investment in appropriate infrastructures. 
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Efficient innovation systems develop their special profiles and strengths only slowly, in 
the course of decades, or even centuries. Their governance is based on a co-evolutionary 
development of and stable exchange-relationships among the institutions of science and 
technology, industry and the political system. Public and private policymakers, both 
deeply rooted in the institutional settings of the innovation system, face a number of 
challenges, both now and in the future: 

– The nature of technological innovation processes is changing. The production of 
highly sophisticated products makes increased demands on the science base, 
necessitating inter- and trans-disciplinary research and the fusion of heterogeneous 
technological trajectories. New patterns of communication and interaction are 
emerging, which researchers, innovators and policymakers have to recognize and 
comprehend. 

– The ‘soft side of innovation’ is growing importance. Non-technical factors such as 
design, human resource management, business reengineering, consumer behavior 
and ‘man-machine interaction’ are critical to the success of innovation processes. 
As a consequence, the learning ability of all factors in the innovation process is 
challenged and it becomes more appropriate to speak about a ‘learning economy’ 
than a ‘knowledge-based economy’. 

– The first two points are specific manifestations of what Gibbons et al. (1994) call 
the transition from mode-1 to mode-2 science.15 Mode-1 refers to traditional 
science-driven modes of knowledge production. Mode-2 refers to knowledge 
production processes stimulated and influenced far more by demand, in which 
many actors other than scientists also have important and recognized roles to play. 

– The pressure on the science and technology systems and the innovation system to 
function more effectively is complemented by similar pressures to function more 
efficiently, largely driven by the growing cost of science and technology. This will 
require a much better understanding of the research system itself. In this respect, 
strategic intelligence can help sharpen insights into the internal dynamics of 
science and technology and their role in innovation systems. 

– Innovation policymakers have to coordinate or orchestrate their interventions with 
an increasing range and number of actors in mind (e.g. national government 
departments and regional agencies; industrial enterprises and associations; trade 
unions and organized social movements, and so on). 

– Since the 1990s, business enterprise innovation activities care less and less about 
national systems and borders. In particular, multinational corporations developed 
from ‘an optimizing production machinery’ to ‘a globally learning corporations’. 

                                                                                                                                
Innovation systems extend over education/science system (schools, universities, research institutions), 
economic system (industrial enterprises), political system (the politico-administrative and intermediary 
authorities) as well as the formal and informal networks of actors of these institutions. As hybrid systems 
they represent sections of society that carry far over into other societal areas, for example through 
education, or through entrepreneurial innovation activities and their socioeconomic effects. 
15 Gibbons, M., C. Limoges, H. Nowottny, S. Schwartzman, P. Scott and M. Trow (1994), The New 
production of Knowledge: The Dynamics of Science and Research in Contem-porary Societies, Sage: 
London. 
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Also, innovation managers in large multinational corporations run their strategies 
vis-à-vis heterogeneous national innovation policy arenas with diverse actors, not 
least a variety of non-governmental organizations. 

Therefore, policy formulation in these circumstances is not straightforward. There is 
increasing pressure on policymakers to: 

– Acknowledge, comprehend and master the increasing complexity of innovation 
systems (more actors, more aspects, more levels, and so on); 

– Help preside over the establishment of an international division of labor in science 
and technology acceptable to all actors involved; 

– Adapt to changes in the focus of innovation policies between regional (growing) 
national (changing), and international (growing) levels; 

– Increase efficiency and effectiveness in the governance of science and technology, 
thereby making difficult choices in the allocation of scarce resources for the 
funding of science and technology. 

– Integrate classical research and innovation policy initiatives with broader socio-
economic targets, such as reducing unemployment, fostering the social inclusion 
of less favored societal groups and regions, and reconciling innovation policy with 
a sustainable development of out natural environment as well as a careful use of 
natural resources. 

Over the last two decades, considerable efforts have been made to improve the design 
and conduct of effective research, technology and innovation policies. In particular, 
formalized methodologies, based on the arsenal of social and economic sciences have 
been introduced and developed which attempt to analyze past behavior (evaluation), 
review technological options for the future (foresight), and assess the implications of 
adopting particular options (technology assessment). As a complement of evaluation, 
technology foresight, and technology assessment, other intelligence tools such as 
comparative studies of the national, regional, or sectoral technological competitiveness, 
and benchmarking methodologies were developed and use. Policymakers exploited their 
results in the formulation of new policies. However, it has become obvious that there is 
a need to use such tools in more flexibly and intelligently combined ways, thereby 
exploiting potential synergies of the variety of strategic intelligence pursued at different 
places and levels across countries. 

The changes of functional conditions for research and innovation have led to a growing 
interest in evaluation since the 1990s and have provided impetus for the application of 
relevant procedures. The expectations of evaluation processes are divided between two 
functional poles. Evaluation can serve to measure performance and thus provide the 
legitimization for promotional measures afterwards (summative function). Or it can be 
utilized as a learning medium, in which findings about cause/effect linking of running or 
completed measures can be utilized as intelligent information for current and future 
initiatives (formative function).16

                                            
16 The summative pole is nurtured above all by the evaluation practice Anglo-American countries: here in 
the framework of efforts to reform and cut costs in the public sector (New Public Management) 
performance measurement procedures also gained great influence in research and innovation policy 
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As the complexity of research and innovation policy programs and the tasks of related 
institutions have grown, summative performance measurements soon reach their limits. 
Evaluation experts and policymakers tries to relax the boundaries between evaluation 
and decision-making processes, indeed even to partly integrate the two spheres. The key 
concept of the new understanding of evaluation is ‘negotiation’ among the participating 
actors. The result of evaluation is no longer a set of conclusions, recommendations, or 
value judgments, but rather an agenda for negotiation of those claims, concerns, and 
issues that have not been resolved in the hermeneutic dialectic exchanges. It is an 
agenda for decisions that are made rather as a continuous process, in which competing 
actors achieve consensus interactively. Therefore the following characteristics of the 
participatory approach can be further developed for use in research and innovation 
policy discussions. 

– Evaluation is designed as a process of empirically, analytically prepared, structured 
presentation and confrontation of actors’ perspectives; the whole spectrum of 
evaluation methods can be applied in this exercise. 

– The evaluator acts as a facilitator, he supports the mediation of the conflicts in the 
negotiation system through actors of the policy-administrative system. 

– The target of the evaluation is not only the assessment of the facts or the objective 
examination of the appropriateness of a policy, but the stimulation of learning 
process by breaking down rigid actor orientation. 

In the context of the research and innovation system, these evaluation concepts can be 
regarded as an intelligent provider of strategies for negotiation and management, not 
only for the responsible political actors but also the interested public. The process of 
developing intelligent policy in this sense, can be enriched by combinations with: 

– Foresight processes, with the intention of delivering debatable visions of more or 
less desirable future developments. Technology foresight is the systematic attempt 
to look into the longer-term future of science, technology, the economy and society, 
with aim of identifying areas of strategic research and emerging of generic 
technologies likely to yield the greatest economic and social benefits. 

– Technology assessments, in very general terms, can be described as the anticipation 
of impacts and feedback in order to reduce the human and social costs of learning 
how to handle technology in society by trial and error. Behind this definition, a 
broad array of national traditions in technology assessment is hidden. 

Foresight and technology assessments have changed considerably. Foresight (scenario 
construction) has supplanted forecasting (prediction). Technology assessment emerged 

                                                                                                                                
(Shapira, Kingsley and Youtie, 1997). The US government and a majority of the states are increasingly 
implementing ‘performance-based management and budgeting systems’ – not least in research and 
innovation promotion (Melkers and Cozzens, 1997). Promoter and promoted are under growing pressure 
to prove the advantages of their activities. This is not just because of relevant new legal requirements – 
such as the ‘Government Performance and Results Act’ (GPRA) – or tight public budgets, but also 
because of an intensive public debate about justification, direction, and advantages of public investments 
in research and innovation. An example of this is the Advanced Technology Program (ATP) – a hotly 
debated government program in support of cooperative research and innovation projects between science 
and industry in risky high-technology areas. ATP aims at far-reaching diffusion effects in the long run; but 
the program is always being confronted with expectations of short-term, measurable impacts. 

 



144                                    Long-Run Economic Growth and Technological Progress 
 

from an ‘early warning system’ into a policy instrument capable not only of identifying 
possible positive and negative effects, but also capable of helping actors in innovation 
processes to develop insights into the conditions necessary for successful production of 
socially desirable goods and services. 

The application of strategic intelligence can be further effectuated, if strategic inform-
ation is gathered simultaneously from several independent and heterogeneous sources. 
The concept of distributed intelligence starts from the observation that policymakers 
and other actors involved in innovation processes only use or have access to a small 
share of the strategic intelligence of potential relevance to their needs, or the tools and 
resources necessary to provide relevant strategic information. Such assets exist within a 
wide variety of institutional settings and at many organizational levels. Consequently, 
they are difficult to find, access and use. Hence rectifying this situation will require 
major efforts to develop interfaces enhancing the transparency and the accessibility of 
already existing information, and to convince potential users of the need to adopt a 
broader perspective in their search for relevant intelligence expertise and outputs. 

Consequently, an architecture and infrastructures of distributed intelligence must allow 
access, and create inter-operability across locations and types of intelligence, including 
a distribution of responsibilities with horizontal as well as vertical connections, in a 
non-hierarchical manner. Such a architecture of distributed strategic intelligence would, 
at least, limit the public cost and strengthen the robustness of intelligence exercises. 
Robustness, nevertheless, presupposes also provisions for quality assurance, boosting 
the trust in distributed intelligence based debates and decision-making. Five general 
requirements of infrastructures for distributed intelligence can be stipulated: 

– The architecture of infrastructures for distributed intelligence should be designed 
neither as a monolithic block nor as a top-down system. Ideally the design allows 
for multiple vertical and horizontal links amongst and across the existing regional, 
national and sectoral infrastructures and facilities of the related innovation systems 
and policy arenas. (Networking requirement) 

– In order to guarantee a sustainable performance of distributed intelligence and to 
avoid hierarchical top-down control, the architecture would have to offer active 
brokering nodes for managing and maintaining the infrastructure. They would take 
care of various reservoirs of strategic intelligence. (Active node requirement) 

– Clear rules concerning the access to the infrastructure of distributed intelligence 
have to be defined, spanning from public domain information areas to restricted 
services, accessible only for certain types of actors, or after charging a fee. 
(Transparent access requirement) 

– In order to guarantee a high degree of independence the distributed intelligence 
infrastructure is in need of a regular and reliable support by public funding sources. 
This applies in particular to the basic services provided by the brokering nodes; 
adequate resources will make them robust. It does not, however, prevent the node 
providers from additionally selling market-driven information services, thus 
extending their financial base. (Public support requirement) 

– The notion of quality assurance related directly to issues of trust: how can actors in 
policy arenas trust in all the intermediaries mobilized in the course of the 
preparation or conduct of policymaking? Three major avenues of quality assurance 
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can be followed. First, bottom-up processes of institutionalization amongst the 
providers of strategic intelligence such as professional associations may play a 
crucial role. 17  Scientific and expert journals are indispensable means of 
maintaining and improving the professional level of services. Education and 
training in the area of strategic intelligence for innovation policy have to be 
extended and improved, in particular on graduate and postgraduate levels of 
university teaching.18 A second means of quality assurance is the establishment of 
accreditation mechanisms for providers of strategic intelligence, based on a self-
organizing and vivid scene of experts. A third and basic source of quality 
assurance would have to be guaranteed through a reliable support with repeated 
and fresh strategic intelligence exercises (e.g. evaluation, foresight, technology 
assessment) and new combinations of actors, levels, and methods initiated and 
funded by innovation policy-makers across arenas and innovation systems. 
(Quality assurance requirement) 

Presently, the concept of distributed strategic intelligence is gaining in importance in 
particular on the European scale.19 The European Commission’s ongoing efforts at 
compiling and preparing the information basis for the implementation of the European 
Research Area (European Commission, 2000) provide vivid evidence of the urgent need 
for an appropriately adapted infrastructure of European distributed strategic intelligence. 
Presently, public agencies, database providers and policy analysts across Europe are 
delivering bits and pieces of knowledge and information to the EU Commission’s DG 
Research in order to sketch benchmarks of national research and innovation policies, of 
indicators for the identification of centers of excellence, and so on. If there were more 
reliable linkages and robust ‘brokerage nodes’ between strategic intelligence systems, 
the synergy effects could be significantly further advanced. Still though the production 
and the use of strategic intelligence in Europe are spreading across a diverse ‘landscape’ 
of research institutes, consulting firms, and government agencies, which have emerged 
over decades in various national, political, economic and cultural environments, thus 
reflecting different governance structures, only loosely interconnected. So far, just a few 
facilities, like the Institute for prospective Policy Studies (IPTS) and the European 
Science and Technology Observatory (ESTO), are attempting to work as ‘brokerage 
nodes’ between the various strategic intelligence providers and users across Europe. 
 
 

                                            
17 For example, the American Evaluation Associations, the European Evaluation Society, and the growing 
number of national evaluation associations that have been established since the 1990s. 
18 See, for example, the science and technology policy programs and the like offered meanwhile by quite 
a number of American universities. 
19 One can trace, on top of the national and regional efforts and in parallel with Europe’s economic and 
political integration, the emergence of an architecture and infrastructures of a European research and 
innovation policymaking system (Kuhlmann and Edler, 2002; Peterson and Sharp, 1998). 
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