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Abstract
This lecture discusses technological revolutions and techno-economic paradigms, but
with an emphasis on the digital revolution and the digitalization of the economic and
society. It draws its inspiration fromworks of Joseph Schumpeter, Christopher Freeman,
and Carlota Perez on long waves of technological development and places the story
within the context of global innovation networks. The lecture contends that the digital
revolution not only transformed the world we live in but also created new ways to
organize networks within it. We are now in second half of the digital (fifth technolog-
ical) revolution, when the digitalization of the global networked economy prevails, and
not at the beginning of Industrie 4.0. On the contrary, this is the period when economic
growth drives the use of innovative digital technologies, including ubiquitous comput-
ing, robotics, and artificial intelligence, toward a truly digitalized network society.

Keywords Complexity . Innovation network . Techno-economic paradigm . Digital
revolution

JEL classification B25 . B52 . D85 . F23 . O31 . O33

1 Introduction

This lecture is about technological revolutions and techno-economic paradigms, but with an
emphasis on the digital revolution and the digitalization of the economy and society. It is a
story about the co-evolution of technologies and institutions through changes in actors and
networks and the way they drive economic growth and development over extended periods
of time (Nelson et al. 2018). And it is a story about evolutionary complexity, which involves
many players, their collaborative networks, and their ability to take advantage of inter- and
intra-network knowledge flows, as well as the various national and local institutional
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arrangements within which the players relate (Kirman 2011; Frenken 2000). The lecture
draws its inspiration from Schumpeter’s vision of long waves (1939) and developed further
by Knell (2010, 2013, 2015) and then put in the context of global innovation networks.
From the historical perspective, we know something about how the digital revolution and
digitalization have transformed the economy and society over the past 50 years. Recent
applications of these technologies have led to robotics, artificial intelligence, computerized
algorithms, mobile sensors, 3D printing, and autonomous vehicles.

A techno-economic paradigm can have many diverse problem-solving activities
contained within the paradigm. These trajectories of endogenous technological change are
cumulative, incremental, and path-dependent by nature and describe the evolution of
technological opportunities of a specific industry or technology (Nelson and Winter 1982,
Dosi 1982). The digital revolution created new opportunities for technical change and
technological learning for those industries that have access to relevant networks. Universal
availability of the microprocessor, rapid growth in computing power (Moore’s Law), and
later extensive use in a wide variety of products and services both accelerated and enabled
the growth of networked enterprise (Freeman and Louçã 2001). New forms of organization
transformed the old Fordist paradigm into a digitalized network society, in which such
networks matter not only for inter-personal communication but also for global innovation,
R&D collaboration, inventor networks, spatial innovation clusters (i.e., Silicon Valley), and
global value chains.

The main idea of this paper is that the digital revolution not only transformed the world
we live in but also created new ways to organize networks within it. While this idea is not
new, it has recently become controversial because of the choice of theoretical argumentation.
The notion of Industry 4.0 (Industrie 4.0 in German), for example, draws attention to the
idea of industrial revolutions and its application to recent technologies, but it does not
directly confront the ongoing theoretical debate on long waves and innovation networks.
This article introduces a few of the basic ideas behind Industrie 4.0 and the Fourth Industrial
Revolution and then discusses relevant issues in the work of Joseph Schumpeter, Christo-
pher Freeman, and Carlota Perez on technological revolutions, long waves, and techno-
economic paradigms. A summary of the first four techno-economic paradigms follows,
which brings us up to the digital revolution and the rise of digitalized network society. Then
we ask: How do networks fit into our story, and what are global collaborative innovation
networks? The paper then concludes by how we might envisage the future and the sixth
industrial revolution.

2 What is the fuss about Industrie 4.0

Today, it is fashionable to write about Industrie 4.0 and the Fourth Industrial Revolution. The
idea of Industrie 4.0 began as a marketing-style promotion by three engineers during a press
conference at the Hannover Messe, a fair in Germany, in 2011. Two years later, the Federal
Academy of Science and Engineering, with the support of the Federal Ministry of Research
(BMBF), presented a research agenda and implementation recommendations. This agenda
became part of a specialized discourse meant to promote the digitalization of production and
set up global innovation networks (GINs) that integrate machinery, warehousing systems, and
production facilities through cyber-physical systems (Kagermann et al. 2013; Pfeiffer 2017).
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Since then, the term Industrie 4.0 has stimulated a lively, ongoing debate among the German
public about the future of work and society.

Similar discourses on digitalization and automation technologies have taken place
over the past decade. Rifkin (2011) claimed that we are at the beginning of a new
industrial revolution where low-carbon energy generation technologies, such as wind,
solar photovoltaic, hydropower, and wave and tidal power, lead the way. Brynjolfsson
and McAfee (2014) argued that we are now in the second machine age in which
intangible assets and productivity gains from digitalization of the economy intensified
changes in skills, organizations, and institutions. They believe that earlier technology-
driven revolutions, such as the steam engine and electrification, took longer to diffuse
through the economy. Gordon (2016) then suggested that digitalization of the economy
may have resulted to a productivity slowdown and increasing inequality.

The “Mastering the Fourth Industrial Revolution” became the motto of the 2016
World Economic Forum meeting in Davos, Switzerland. Schwab (2016), Schwab and
Davis (2018) associated it with the diffusion of digital technologies and emerging
technology breakthrough technologies such as biotechnology, nanotechnology, artifi-
cial intelligence, robotics, the Internet of Things, 3D printing, and quantum computing.
We might describe these technologies as disruptive innovations in that they disrupt
every industry in the global economy, leading to the transformation of entire systems of
production, management, and governance. Schwab believed that technology and dig-
italization will revolutionize everything, generating major technological innovations
that will fuel fundamental change that will spread throughout the global economy. He
also suggests that a paradigm shift is currently underway. But there is no discussion of
long waves, technological revolutions, and techno-economic paradigms, all of which
are important for understanding Schumpeter or Industrie 4.0.

3 Technological revolutions, long waves, and techno-economic
paradigms

Schumpeter (1911; 1939) believed that major innovations and the diffusion of these
breakthroughs initiate a fundamental change in the way things are produced, the types
of new products, how a firm is organized (including new business models and new types
of networks), and the way people transport things, network, and communicate. These
innovations appear discontinuously in groups or swarms, causing a cyclical pattern of
development that spread far beyond the original sector. Innovative entrepreneurs propel
the evolution of the economy by creating “new combinations of existing resources” (Kurz
2012). So, Schumpeter defined innovation as the new combinations of new or existing
knowledge that creates new products, markets, organizations, and production methods.
The resulting clusters and networks of interrelated technological and organizational
innovations create new and rapidly growing sectors, lead to structural change, and cause
long swings in the economy. In Business Cycles, Schumpeter (1939) called these long
waves Kondratieff cycles and then as “perennial gale[s] of creative destruction” for their
transformational effect on the entire economy and society (Schumpeter 1942).1

1 Schumpeter (1939) associated the term “industrial revolution”with the Kondratieff, referring to it 34 times in
Business Cycles.
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Today, we think of technology as revolution and general purpose technologies
(GPTs) as having a transformative effect on the entire economy and society. Here,
innovation clusters appear as a series of interrelated radical breakthroughs, forming a
constellation of interdependent technologies that reduce the cost of production over
time. Schumpeter (1934, 223) did not expect innovations to appear “evenly distributed
through time” but “discontinuously in groups or swarms,” neglecting the cumulative
effects of individually small innovations carried out over an extended period.
Bresnahan and Trajtenberg (1995) reasoned that all GPTs have three key technological
characteristics: pervasiveness, technological dynamism, and innovation
complementarities. Lipsey et al. (2005, 98) define a GPT as “a single generic technol-
ogy, recognizable as such over its whole lifetime, that initially has much scope for
improvement and eventually comes to be widely used, to have many uses, and to have
many spillover effects.”

Freeman and Perez (1988), Freeman and Louçã (2001), and Perez (2002) saw these
technological revolutions as techno-economic paradigms. They appear like a Kuhnian
paradigm shift and are essential for guiding the interplay between technology, the
economic structure, management, social institutions, and the way people relate to the
technology. Perez (2002: 8) defined the techno-economic paradigm as “a powerful and
highly visible cluster of new and dynamic technologies, products and industries,
capable of bringing about an upheaval in the whole fabric of the economy.” It is also
“a set of interrelated radical breakthroughs, forming a major constellation of interde-
pendent technologies,” namely, “a cluster of clusters or a system of systems” (Perez
2010: 189). Perez (2002, 2010) also called the diffusion of techno-economic paradigms
as “great surges of development” to differentiate them from Schumpeterian long waves.

A techno-economic paradigm has many diverse problem-solving activities within
the paradigm itself. These technological trajectories are cumulative, incremental, and
path-dependent by their nature and describe the evolution of technological opportuni-
ties of a specific industry or technology (Nelson and Winter 1982; Dosi 1982). For
example, the digital revolution created new technological opportunities for the mech-
anization, specialization, and division of labor for those industries that have access to
networks. Universal availability of the microprocessor, the rapid growth in computing
power, and its later use in a wide variety of products and services accelerated and
enabled the growth of networked enterprise (Freeman and Louçã 2001). New forms of
organization transformed the mass production economy into a digitalized network
society, in which networks matter not only for inter-personal communication but also
for global innovation networks, R&D networks, inventor networks, spatial innovation
networks, and global value chains.

Every technological revolution follows an S-shaped diffusion pattern or technology
life cycle. They originate in countries using core technologies and then spread to other
economies, reaching the less developed regions as it diffuses through the global
economy. Perez (2002) named four phases in each techno-economic paradigm: (1)
irruption phase, when the modern technology supplants old technology; (2) frenzy
phase, or the period of intense exploration; (3) synergy phase, when the new technol-
ogy is diffused throughout the economy; and (4) maturity phase, as the diffusion
process becomes complete. Each paradigm has a gestation period, in which a laboratory
invention phase, with prototypes, patents, and early applications, will develop
(Freeman and Louçã 2001), which can last for decades. The invention of the transistor
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in 1947 is a fitting example of an early application of digitalization. After a period of
stagnation, a new paradigm will eventually assert itself.

A novel feature of Perez (2002) is that each techno-economic paradigm has a turning
point where production capital displaces the financial capital. This idea follows from
Schumpeter’s recognition that the entrepreneur and financier are two independent
economic agents that drive the innovation process. The financier dominates in the first
two phases of the cycle, and the entrepreneur dominates in the second two phases.
Financial bubbles are common just before the turning point as confidence in the
financial system becomes more turbulent but support for the latest technology gains
momentum. Substantial political unrest can also take place near the turning point.
Stagnation combined with financial fragility appeared in the 1790s when Britain
invested huge sums in canal building, during the 1840s railway mania in Britain and
Ireland, during the panic of 1893 in the USA, in the 1929 stock market crash, and
finally the in the financial collapse of 2007 in the USA. The entrepreneurial capital
tends to dominate in the second phase, as the economy experiences strong productivity
growth.

4 From the industrial revolution to the digital revolution

There have been five technological revolutions since Richard Arkwright introduced the
first mechanical spinning machine, or water-frame, in a Cromford water-powered mill
in 1771.2 Table 1 summarizes the five technological revolutions. Each paradigm has its
own all-pervasive low-cost input, usually a new source of energy or a new material,
technologies, products and processes, and unique organization (Perez 2010; Knell
2013). The first column names the key energy source in each revolution, and the
second column shows the first breakthrough. Columns three and four condenses the
key physical and social technologies in each paradigm, which follows the broad
distinction made by Nelson (2005). Physical technologies include the core technologies
and leading industries, and social technologies are the institutional arrangements of the
economy. The fifth column names key networks.

Timing is a key issue for long-wave theory. Schumpeter believed that Kondratieff
long waves appear every 50 to 70 years and are reliant on the clustering of radical
innovations. There are many ways to group the cycles. After Pavitt’s (2000) taxonomy
of innovative activities, Archibugi (2001) showed that each revolution resembled a
distinct social technology. Schot and Kanger (2018) grouped the first four revolutions
together as the first deep transition, differentiating it from the digital revolution.
Brynjolfsson and McAfee (2014) called it the second machine age, as software-
driven machines predominate. Industrie 4.0 named four stages of the industrial revo-
lution: (1) water- and steam-powered mechanical manufacturing (first two long waves);
(2) electrically powered mass production (second two long waves); (3) digitalization
(fifth long wave); and (4) cyber-physical systems (sixth long wave) (Schwab and Davis
2018). We are currently in the second half of the fifth technological revolution.

2 Precise dating of the first industrial revolution may be arguable, but both Schumpeter (1939) and Freeman
and Perez (1988) recognize Richard Arkwright’s patent on the water-frame in 1769. See also Knell (2010,
2013).
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The First Technological Revolution marked the beginning of large-scale factory
manufacturing and the specialization in tasks. Later refinements in milling and spinning
technologies were key in the development of the machine tool industry. Falling prices
and universal availability of wrought iron and the development of innovative metal-
lurgical technologies stimulated the demand for many applications in the iron industry.
Production networks remained local during this time, but the growth of turnpikes and
canals encouraged the growth of cities and trade networks.

Innovation in the machine tool industry and in precision engineering gradually led to
the design of smaller high-pressure steam engines. The Rainhill Locomotive trials and
the opening of the Liverpool-Manchester between 1829 and 1831 marked the Second
Technological Revolution. As resource prices fell, steam-powered mechanization of
industry became the key technology (Chandler 1977). Agglomeration, standardization,
and specialization accelerated productivity growth during this time. Railways, tele-
graphs, transatlantic steamship navigation, and a universal postal service also made it
possible to network the economy. Patent data shows that collaborative inventor net-
works and innovation networks were key in the USA during this time in textiles,
clocks, and printing (Thomson 2009).

The Third Technological Revolution started the electrification of industry, transport,
and a new electrical equipment industry from 1875. Innovative technology also made
steel inexpensive. Steel, chemicals, copper, and other metal alloys were key for the
development of shipping, railways, bridges, tunnels, and other large civil engineering
projects. Thomas Edison created the first professional research and development
(R&D) laboratory, with the explicit aim to provide the market with steady stream of
new products, which later included the phonograph, microphones, electric lighting, and
a system for electrical distribution, as well as other goods (Isreal 1998). This made it
easier to recombine old ideas in new ways and to encourage the creation of social
networks both within and outside the laboratory.

Cheap oil, because of its abundance and declining prices, combined with the Ford
moving assembly line in 1913, made it possible to produce inexpensive motorized
vehicles. This application of mass production techniques was essential to the Fourth
Technological Revolution, including making use of machines and presses to stamp out
parts and ensure interchangeability, which led to the relative cheapness of large-scale
production and the emergence of mass consumption (Hounshell 1984). Many industries
appeared using mass production techniques, including automotive components, trac-
tors, aircraft, consumer durables, and synthetic materials, to ensure that mass consump-
tion continued (Freeman and Louçã 2001). After the Second World War, the USA and
Europe experienced extended periods of high growth (mass production, mass con-
sumption, and resource intensity), innovative product design, and intensive positive
feedback effects. This led to the creation of even larger corporations that required new
ways of managing diverse operations (Chandler 1977).

5 Digitalization, technological trajectories, and the digitalized network
society

The digital revolution was bubbling underneath the fourth industrial revolution. Ad-
vances in the vacuum tube (1935) and transistor (1947), followed by many prototypes,
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patents, and early applications at Bell Labs, anticipated the digital revolution. A vibrant
electronic cluster then appeared in the Santa Clara (Silicon) Valley (Lécuyer 2006). In
1969, Intel announced plans to make the first commercially practical (4004) micropro-
cessor out of silicone (realized in November 1971), the same year the US department of
defense installed the first computers on ARPANET (which later morphed into the
Internet). This microprocessor made it possible to incorporate all the functions of a
central processing unit (CPU) onto a single integrated circuit. The Apollo Guidance
Computer was the first silicon integrated circuit-based computer, which led to the
microprocessor (Isaacson 2014). This was the big bang of the digital revolution!

The microprocessor was a revolutionary breakthrough. Although the original Intel
microprocessor had only 2250 transistors, the number of transistors in an integrated
circuit doubled about every 2 years (Moore’s Law). Soon afterwards, several new
technological trajectories appeared within the digital techno-economic paradigm, which
evolved into clusters of new and dynamic technologies, products, and industries that
rippled through the entire economy and society. New enterprises appeared and
interacted with each other in complex networks, which perused problem-solving
activities that were cumulative, incremental, and path-dependent (Arthur 2014). This
led to the development of a global digital telecommunications network and the Internet,
together with electronic mail and other e-services. By 2020, Apple had made an
innovative a 5-nm processor with 11.8 billion transistors that easily fit inside an iPhone.

We are now in the second half of the digital revolution. The financial collapse of 2008
marked the turning point, as power shifted away from financiers to entrepreneurs and
enterprises, and currently we should be in the period of high economic growth, or the
golden age. Here diffusion is key, as is the complete digitalization of everyday objects and
activities, or what wemight refer to as ubiquitous computing (Weiser 1991). Awide array of
new products dependent on microprocessors have appeared in recent decades, including
robotics, artificial intelligence (AI), and smart energy networks (Perez 2013; Knell 2013).
Modern robots can be autonomous or semi-autonomous, appearing human-like at times, but
most often they are just a complex industrial machine with little guiding intelligence. These
included industrial robots, warehouse robots, agricultural robots, autonomous vehicles,
caring robots, medical robots, and robots in education (Hudson 2019). A few robots have
AI, but that are narrow and limited by the inability to deal with common sense solutions to
everyday problems (Mitchell 2019).

6 How do networks fit into our story?

Innovation networks have existed in one form or another for a long time. Rome
developed and controlled trade and communication networks throughout the Mediter-
ranean, which later spread throughout much of Europe. As the Roman Empire evolved,
both the size and intensity of commercial and trading networks increased, as did the
speed and direction of technological change and specialization (Kay 2014). After the
decline of the Roman Empire, a set of complex trading and merchant banking networks
appeared in Roman Italy that extended beyond the Mediterranean and Middle East
(Spufford 1988). English merchants secured commercial alliances and solidified trade
routes and networks in the late fourteenth century (Games 2009). At the same time,
commercial networks also intersected with social networks in Hansa towns and
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supported communities, which then coincided with the development of modern tech-
nologies within the network (Ewert and Selzer 2016). The example of woollen coat
manufacturing in Adam Smith illustrates the diversity of different tasks and technolo-
gies required to make a coat at the beginning of the industrial revolution.

Before the industrial revolution, local producers made clothing and tools using local
materials. National production networks were important for engine builders, as they
improved machine tools, casting, and measurement techniques from other sectors after
the industrial revolution (Thomson 2009). Improved waterwheels and the growth of
turnpikes, canals, and other waterways also led to the expansion of trade networks, but
production networks remained local. Advancements in steam engine technology replaced
water-powered technologies, and railways, telegraphs, transatlantic steamship navigation,
and a universal postal service made it possible to network the economy (Chandler 1977).
As steamships (shipping) and railways advanced, electricity and telephone networks then
appeared. This gave rise to global trading networks and empires, which relied on
telegraphs and telephones for coordination. Networks of roads, highways, ports, and
airports as well as networks of oil ducts became essential in the Fourth Technological
Revolution. Global production networks and multinational enterprises then appeared,
making it possible to have both inter-firm and intra-firm trade and production.

Smith supplied the essential building blocks underlying the complex innovation
network (Arthur 2014). The idea that cooperative production increases productivity
was one of his great insights. In the Wealth of Nations, Smith (1776) used a recursive
loop to explain how a more sophisticated division of labor could lead to higher labor
productivity through the improvement in the dexterity of workers, saving time lost in
switching between different tasks, and the introduction of new machines and forms of
organization. Alfred Marshall (1920) later pointed out that the increased specialization
of labor and differentiated knowledge appears as economies external to the enterprise.
Benefits from these externalities can come directly through collaborative networks with
other innovators or indirectly through spillovers. Penrose (1959) later explained how
certain strategic capabilities within enterprises encouraged them to pool resources with
other firms and organizations to access knowledge complementary to their own
knowledge base.3 Richardson (1972: 888) then reasoned that firms “are linked together
in patterns of co-operation and affiliation” and that “inter-firm co-operation is con-
cerned very often with the transfer, exchange or pooling of technology (892).” Inspired
by Simon (1969), Nelson and Winter (1982) consider firms to be complex networks of
routines and decision rules. These examples of increasing returns originate from
network externalities or other positive feedback mechanisms (Arthur 1994).

One distinctive characteristic of the digital revolution is the rise of global production
networks (Coe and Yeung 2015), GINs (Zander 2002), global R&D networks
(Tomasello et al. 2016), global inventor networks (Graf 2012, Fritsch and Zoellner
2020), user innovation networks (von Hippel 2007), and spatial innovation networks
(i.e., Silicon Valley). The rise of the digital economy parallels the growth of a
networked society. As the digital revolution unfolded, the digitalization of the economy
accelerated networking and information exchange as well as encouraged international

3 Penrose (1959) considered knowledge to be the most strategic resource of the firm, while Wernerfelt (1984)
sees knowledge as a generic resource covering all assets, capabilities, and competencies. Von Tunzelmann
(2009) distinguished between technological (and dynamic) capabilities and competencies.
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outsourcing and offshoring (Meijers et al. 2008). Internationalization of R&D activities
accelerated as global enterprises located their R&D activities outside their home
country over the past 50 years. And it would be interesting to know about the long-
term evolution of inventor networks (Kudic et al. 2020). The trend towards globaliza-
tion of innovation is part of a general tendency of firms to source technology externally
and to collaborate with other firms, universities, and public research organizations,
which comes in addition to internal investments in R&D and innovation activities
(Freeman 1991; Powell and Ginnaella 2010; Hanaki et al. 2010). As already men-
tioned, internal, local, and global innovation networks are key social technologies in the
digital revolution. This is where we focus our attention.

7 What are global innovation networks?

GINs are essential for the creation, transfer, and absorption of new knowledge and
economic growth in the digital revolution. Freeman (1991) contended that the devel-
opment of new products and processes depend on external information networks and
collaboration with users. Collaboration is important because it reduces the risk and
complexity involved in the development of new products and processes by spreading it
among several geographically dispersed partners with agreed complementary aims
(Hagedoorn 1993). It often entails the development and acquisition of new capabilities,
as each agreement involves a shared commitment of resources and knowledge and
encourages interactive learning. Collaborative agreements between firms and other
organizations appear in the formalized links or global networks in which individual
firms work and may include agreements within an enterprise group, upstream suppliers,
downstream customers, competitors, the government, and universities and other re-
search institutes. These agreements can be formal and rigid, usually encompassing a
collaborative agreement or strategic alliance with long-term aims, or they can be
informal, flexible, and trust-based relations, often linking enterprises with various local
actors (Freeman 1991, DeBresson and Amesse 1991; Powell and Grodal 2005).4 The
form of ownership, the location of a partner within the network, and the strength of ties
between partners can have important consequences (Granovetter 1973).

GINs make it possible to transcend national boarders, but they do not replace the
institutional arrangements that support the national innovation system. Ernst (2009),
and Barnard and Chaminade (2011) define a GIN as a global network of interconnected
and integrated functions and operations carried out by firms and non-firm organizations
engaged in the creation or diffusion of innovations across geographic borders. Global
value chains that include engineering, product development, and research activities
often appear alongside a GIN. GINs form because enterprises need certain kinds of
technical knowledge; they are unable to generate for themselves (Ahuja 2000). This in
turn creates new “opportunities for linking flexible specialization across the boundaries
of firms, and for triggering continuous interactive innovation” (Imai and Baba 1991).

4 Freeman (1995) also emphasized the continued influence that the system of innovation, local research and
scientific organizations, public policy, and other national institutional arrangements have on the national
economy. Archibugi and Michie (1997) introduced the terms techno-nationalism and techno-globalism.
Carlsson (2006) suggests that the national innovation systems themselves are becoming internationalized.
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Large multinational enterprises often plan global networks on a large scale. These
firms coordinate production, marketing, and R&D activities from one central location,
but these activities are carried out in locations throughout the world. Other global
networks evolve in a self-organizing way. These have individual collaborative agree-
ments that aid cooperation through technology cross-licensing, outsourcing, joint
ventures and R&D agreements, and other types of innovative activities (Pyka 1997;
Rycroft and Kash 2004). The institutional arrangements of the national innovation
system set the rules of the game for each location, or node, within the innovation
network. Innovation networks often form because enterprises need certain kinds of
technical knowledge as they are unable to generate themselves, but they also reflect
existing relationships and network capabilities.

There are many different varieties of collaborative arrangements. Narula (2003)
described how they vary from wholly owned subsidiaries with full internalization of
transaction, across various types of equity and non-equity agreements, to spot market
transactions, where independent firms engage in arms-length transactions. Powell and
Grodal (2005) emphasized the importance of informal-non-contractual innovation
cooperation, such as common membership in a professional or trade association,
participation in ad hoc industry committees, or executive education programs, confer-
ences, mobility, common educational backgrounds, etc. (Freeman 1991; Pyka 1997).5

The distinction of organizational modes of innovation cooperation is also important
since they produce different impacts on participating firms’ innovation activity.
Granovetter (1973, 1983) explained how weak ties serve more as bridges to novel
information where there is a rapid exchange, while strong ties are useful for social
control and the exchange of tacit knowledge.

While GINs are not new, digitalization of the economy has encouraged the devel-
opment of GINs, as it helped the organization and planning of innovative activities.
There are several types of innovation networks that involve enterprises collaborating
with each other or with other organizations. DeBresson and Amesse (1991) identify at
least five different types of innovation networks: supplier-user networks, networks of
pioneers and adopters within the same industry, regional inter-industrial networks,
international strategic technological alliances in new technologies, and professional
inter-organizational networks that develop and promote new technologies. Tidd (2006)
developed a typology of innovation networks: new product or process development
consortium to share knowledge and perspectives; sectoral forum to adopt and develop
good innovative practice; new technology development consortium to share knowledge
on newly emerging technologies; emerging standards around innovative technologies;
supply chain learning by sharing innovative good practice and possibly shared product
development; clustering to exploit innovation synergies; and topic network to explore
new technologies (Nonaka et al. 2000).

Innovation networks can be more formal and ridged, usually encompassing a
collaborative agreement or strategic alliance with long-term objectives, or they can
be informal, flexible and trust-based relations, often linking enterprises with various
local (Camagni 1991) and regional (Boschma 2005) actors, as Lundvall and Borràs
(1998) contend. They often form, as Ahuja (2000) points out, because enterprises need

5 Freeman (1991:502) points out, “informal networks are extremely important, but very hard to classify and
measure.”
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certain kinds of technical knowledge, they are unable to generate themselves, or as Imai
and Baba (1991) suggest, for triggering continuous interactive innovation. Granovetter
(1983) suggest that innovation networks are path-dependent, often reflecting existing
relationships and network capabilities. Pittaway et al. (2004) claim that firms generally
benefit from being part of an innovation network by sharing the risk and uncertainty
intrinsic to the innovation process, gaining access to access to new markets and
technologies, speeding up the process of bringing new products to market, pooling
complementary skills, protecting property rights when incomplete contracts, and pro-
viding access to external knowledge embedded in local social networks (Cohen and
Levinthal 1989).

Imai and Baba (1991) suggest three strategies that underlie GINs. One strategy,
called the traditional multi-domestic network, is typical of the traditional manufacturing
industries, which rely heavily on technology coming from suppliers of equipment and
materials. The second strategy, called the globalization strategy, includes planned
internalization by multinational enterprises, which consider their market to be global,
but try to coordinate production, marketing, and R&D activities from a central
decision-making system. Innovation networks of this kind are organized by a multina-
tional enterprise, with both weak and strong connections between constituent members,
which may or not be a wholly owned affiliate. A third strategy involves self-organizing
networks, which have joint ventures, collaborative agreements, and long-term cooper-
ation that includes cross-licensing, outsourcing, joint R&D, and other types of innova-
tive activities (Pyka 1997, Pyka and Scharnhorst 2009, Kirman 2011).

Dittrich (2004) argues that GINs can be either open or closed. In a closed intercon-
nected network, with norms and sanctions well understood, knowledge flows freely
between enterprises. Path dependencies tend to focus its member on preserving existing
capabilities of the firm. Enterprise in an open interconnected network extensively
results in a wide range of competencies across its members but also creates more
opportunities for reaching new technological capabilities. There is some controversy
over which kind of innovation network works best or whether they can lead to network
failure.6 Coleman (1988) suggests that closed networks tend to encourage innovation
more than open networks, whereas Burt (1992) suggests that firms should strive to
position themselves strategically in gaps between different nodes, so as to become
intermediaries, rather than maximizing the number of ties. Shan et al. (1994) suggest
that the number of collaborative relationships that a firm is involved in is positively
related to innovation output, while Ahuja (2000) shows that improving trust and
reducing opportunism creates more cohesive interconnected partners.

The growth of GINs over the digital revolution also reflects the internationalization
of R&D activity. Statistics indicate that there has been an increase of international
funding of business R&D, firms increasingly collaborate across borders in R&D and
innovation activities, increased numbers of R&D subsidiaries are set up abroad by
multinational enterprises, and increased numbers of patents are filed by co-inventors in
different countries (Iversen et al. 2017; Knell 2017). As the costs and complexity of

6 Von Tunzelmann (2004) maintains that network failure or misalignment can also happen if there is general
lack of network capabilities, which may include a lack of scale, inter-firm conflict, external disruption too little
trust between partners, too much opportunism, or a lack of infrastructure. Network relationships with
suppliers, customers, and intermediaries are key factors that affect productivity growth and innovation.
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R&D increase, enterprises tend to internationalize and digitalize their activities at earlier
stages of their life cycle.

We also know that half of all production happens within GINs. Here the digitalization
of the vertical production system complements the horizontal networking across the
entire value chain, ranging from suppliers and business partners to customers. Global
value chains (GVCs) appear as physical transfers of goods and services across borders,
which make it possible to measure the sequences of value added within an industry,
from conception to production and end use. This requires multiple firms to carry out
these activities in various locations (Frederick 2019). Technology upgrading appears as
a change from lower to higher value-added activity or moving up the global value chain
(or climbing the quality ladder). Skill upgrading is often associated with offshoring,
which often leads to intra-industry trade (Grossman and Rossi-Hansberg 2008).7 We
associate it with a nation’s competencies and patterns of specialization. Technology
upgrading can appear in factories, inter-firm networks, local or national economies, and
regions (Gereffi 2018), as well as new methods of production and organization (process
upgrading), new more complex products (product upgrading), new and higher value-
added activities (functional upgrading), and the adaptation of competencies to a new
industry (intersectoral upgrading) (Humphrey and Schmitz 2002).

8 Anticipating the future

Can we envisage the future and the sixth industrial revolution? Possible emerging
technologies include nanotechnology, biotechnology, quantum computing, and AI.
This is where the physical, digital, and biological worlds could converge. Inspiration
for the idea appeared in Richard Feynman 1960 lecture, “There's Plenty of Room at the
Bottom.” Feynman described a process in which scientists would be able to manipulate
and control individual atoms and DNA molecules. The idea of the transistor and the
microprocessor started the process of miniaturization. Feynman predicted nanoscience
and nanotechnology, which became the study and application of extremely tiny things.
We can apply these things across all the other science fields, such as chemistry,
biology, physics, materials science, and engineering. Here, we can tie the digital
revolution to the sixth technology revolution or long wave.

It is possible that two or three independent technological systems could converge
into one system, which would then trigger the explosive take-off into the sixth
technological revolution. Atoms, DNA, bits, and synapses may supply the basic
elements and foundational tools that will make it possible to integrate several emerging
technologies, including nanotechnology, biotechnology, information technology, and
the latest cognitive technologies, into multifunctional systems (Roco and Bainbridge
2003). Over time nanotechnology may improve productivity, reduce costs, new infra-
structures, and encourage the creation of new products and processes using
nanomaterials (Knell 2010).

Anticipating a future involves changing the techno-economic paradigm. Are we
ready for the age of the quantum?Will modern microscopy lead the way?Will we see a

7 Offshoring involves foreign direct investment (FDI), while international outsourcing occurs through trade
and arm’s length market transactions.
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convergence across a range of disciplines in anticipation of the sixth industria l
revolution? Will the manipulation of DNA molecules and the rearrangement of atoms
reorganize our societies, our values, the economy, and the environment as well? What
role will networks play in the new economy? These kinds of questions are essential for
developing a better understanding of the future. The anticipatory systems view makes it
possible to integrate the future into the present by formulating diverse ways and several
reasons for thinking about the future (Miller 2018). Traditional foresight models cannot
predict novelty, disruption, complexity, or a shift in paradigms with great certainty. But
it is possible to use the future to identity challenges and opportunities and to discuss
systemic transformations. This requires a new framework for connecting the theories
and practices of “using-the-future” and appreciating complexity and the role that
networks play.
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