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Abstract

Digitalisation of production — cyber-physical production systems, additive manufacturing, big data and more —
promises to serve as a new basic innovation that changes production radically and thus promotes productivity
and automation. This is in stark contrast to economic debates on secular stagnation. Empirically, historical and
recent data seems to confirm stagnation tendencies, not an upsurge of productivity. The paper depicts key indica-
tors of productivity and focuses on two countries, USA and Germany, which are self-proclaimed forerunners of
digitalisation. Neither at the level of the total economy nor for selected sectors with a high affinity to digitalisa-
tion an upwards trend of productivity can be identified. Sluggish productivity despite digitalisation is explained
by a combination of time lags of implementation, problems of measurement and data availability, and an unfa-

vourable macroeconomic environment in recent years.
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1. Introduction

Recent debates in economic communities on secular stagnation (cf. the contributions in Teilings/Baldwin
[eds.] 2014, Gordon 2015 and 2016, Hein 2016) contrast sharply with bright prospects of digitalisation seen by
academics in the field of business studies, computer science and engineering (Rajkumar et al. 2010, Berman
2012, Petrick/Simpson 2013, Schuh et al. 2014). Economists basically stress the negative impact of the financial
market crisis on global GDP growth trends and focus on the decline of GDP productivity growth since the
1970s. Other scientists but also voices in economics identify digitalisation as a supply-side game-changer
which is going to revolutionise the economy by product and process innovations (OECD 2017). This view is
supported by business and politics. Initiatives like the Industrial Internet Consortium (USA) or Industry 4.0
(Germany) promote a fast and thorough implementation of digitalisation (Industrial Internet Consortium
2018, Plattform Industrie 4.0 2018). However, recent empirical data indicates that a radical change has not

materialised yet (Nordhaus 2015).



The phenomenon of digitalisation covers a broad range of new technologies like cloud computing, additive
manufacturing, big data, internet of things or cyber-physical production systems (Geisberger/Broy 2012, Platt-
form Industrie 4.0 2014, Evans/Annunziata 2012). The impact on the economy could be revolutionary, indeed.
In Gershenfeld’s (2012) vision, we, the prosumers (consumers with the ability to make products themselves),
will be able to create nearly all products at home, based on basic ingredients (filament) and some pre-
fabricated components. The characteristics of products are specified by digital blueprints, which are offered as
open source to everyone. Other researchers foresee fully automated plants in which sensor-equipped and con-
nected machines or smart devices communicate with each other in order to produce all kinds of products
customised for every taste one can think of (Rajkumar et al. 2010, Petrick/Simpson 2013, Monostori 2014).
Even if those visions can be realised only to a certain extent in the near future, such a digital (r)evolution
should lead to a huge increase in productivity. It reduces transportation, it shrinks machinery, it makes labour
redundant, and it creates new products and value (Schuh et al. 2014). However, the data so far does not show

such an increase in productivity.

Therefore, the paper investigates why we currently do not see the expected increase in productivity. As will be
depicted in the paper, data availability is limited which restricts analyses mainly to descriptive statistics and an
explorative approach. A focus is on the USA and Germany as two forerunners of digitalisation. If the fruits of
digitalisation evolve then its impact should appear in the data of those two countries. At the same time this
comparison sheds light on country differences despite the — at least potentially — global availability of digital

technologies.

The paper continues in chapter 2 with a review of the literature on digitalisation and then compares the results
of this strand of literature with debates on stagnation and long waves. Five hypotheses are derived from this.
Chapter 3 then discusses the data and presents stylised facts of productivity developments in the USA and

Germany. The last chapter concludes.

2. Digitalisation or secular stagnation?

Digital production covers a broad range of new technologies. Firms outsource their datacentres and store and
compute data in the cloud. Firms acquire huge amounts of data to analyse the behaviour of their customers.
Fintechs enrich traditional services with easier access and algorithm-based support. Information is now ‘at
your fingertips’ (an old marketing slogan by Microsoft), i.e. easily available and available at low costs. In man-
ufacturing, adjustable digital blueprints, 3D printing and cyber-physical production systems make mass cus-
tomisation at low costs possible. 3D printing (or additive manufacturing) means that a single raw material
(plastics or metal) in the form of filament or granulate is used to print an object layer-by-layer (Petrovic et al.
2011). Objects can vary in form, size and complexity limited by the size of the printer, statics and the material
which is used. Moulds or punches are therefore not required which simplifies the production process. 3D
printing also allows for very complex forms which have advantages in weight and thermal characteristics com-

pared to conventional production methods (Reiher/Koch 2015). Due to the fact that the whole design process



takes place in software, redesigns are relatively easy and customisation — up to the famous lot size one - is in
reach at low costs (Petrick/Simpson 2013). Although conventional technologies allow for mass customisation
as well, production processes based on such technologies usually assemble a limited number of prefabricated
components but the design itself cannot be changed by the customer. This technology is no longer used for
rapid prototyping only but also for production. For example, some components of airplanes are nowadays

fabricated by printers in order to save transportation and storage costs (Triebs et al. 2015).

3D printers can be integrated in factories with cyber-physical production systems (Rajkumar et al. 2010, Broy
2011, Broy et al. 2012). Such highly autonomous production systems make use of sensor-equipped and pro-
grammable machinery and devices. Those systems are able to process a huge amount of sensor data and the
components are able to interact in real time through common communication protocols. Subsequently, they
can adjust to a changing environment and changing purposes and they are able to cooperate in order to
achieve a common goal, may this be based on heuristics, machine learning or other forms of AI (Sha et al.
2008, Monostori 2014). Consequently, the level of complexity and quality that can be achieved is much higher
compared to conventional production systems due to the autonomous negotiation processes between the de-
vices and the automated analysis of data (Baheti and Gill 2011, Bangemann et al. 2014). This holds for produc-
tion itself and the products of cyber-physical production systems. Moreover, customisation and simplification
of creation is not at the expense of a decline in productivity. On the contrary, experts foresee a massive rise in

productivity (Schuh et al. 2014).

Digitalisation promises firstly to add value by creating new products and services and by offering a tremen-
dous variety of products. Secondly, the costs of production are going to decline. Thirdly, the required amount

of inputs would decline or inputs could be recycled. Ideally,

“assemblers will be able to create complete functional systems in a single process. They will be
able to integrate fixed and moving mechanical structures, sensors and actuators, and electronics.
Even more important is what the assemblers don’t create: trash. [...] [A] product assembled
from digital materials [i.e. the atoms and molecules of the quote above, AK & TN] need not be
thrown out when it becomes obsolete. It can simply be disassembled and the parts reconstructed

into something new.” (Gershenfeld 2012: 52)

According to this vision, all kinds of products could be created at a fingertip with a minimum of resources or
recycled resources. However, although part of this is already reality, most of it is still in its infancy, especially
when it comes to mass production. An open question is, to what extent productivity increases have already
been realised or will be realised in the future. Two aspects have to be considered: whether the new technologies
have the potential to increase productivity substantially and whether the new technologies will be used
throughout the economy. The review above has demonstrated that many authors are quite optimistic. They
have in common that they firstly stress the importance of technology and secondly they focus on a potential

long-term upswing of the economy due to digitalisation.



Economic contributions, although not ignoring the supply-side factor technology, take a broader view and
acknowledge a variety of factors that drive an upswing in productivity, even if the main driver is technology.
Already the classical contributions by Schumpeter (1934: 74-94, 1942: 82-85, 1947) points to the role of or-
ganisational and social factors for process and product innovations — entrepreneurs have to make use of tech-
nologies and they have to organise its implementation. From a Keynesian point of view, one could add that
implementation requires investments, and investments require trust in future sales. Moreover, economic de-
bates about the impact of new technologies stress the cyclicality of business activity and the combination of
different types of cycles — short, medium, long (Bernard et al. 2014). Schumpeter (1939), based on work by
Kondratieff (1926), identified long waves driven by basic innovations and shorter waves caused by other fac-
tors. Such a conceptual framework covers both different factors and up- and downswings, which is a difference
to the view presented above that rests on long-term upswings without taking into account the cyclicality of

growth periods.

Against the background of this sketch of potential factors that impact on productivity, empirical research al-
lows for an at least tentative answer to the question whether an upwards trend in productivity can be identi-
fied. Nordhaus (2015) uses US data to put the idea of a technology-driven ‘singularity’, i.e. a boundary of pro-
duction after which GDP and productivity will sharply rise and accelerate, to a test. Automation would affect
both the demand and the supply side. From a demand-side point of view, it would drive down prices and thus
foster consumption in some sectors — which in reference to Baumol Nordhaus calls ‘Baumol’s cost euphoria’
(Nordhaus 2015: 9) — and would consequentially lead to falling relative productivity rates and increasing rela-
tive prices in other sectors, i.e. Baumol’s cost disease. From a supply-side perspective, the focus is on substitu-
tion of capital with ‘digital’ capital, to be more precise: information capital, which would push productivity
and GDP growth upwards. Based on a neoclassical growth model, Nordhaus’ analysis shows that GDP growth
would tend to increase indefinitely (information produces information produces information...) and wages —
for those who still are employed — would grow as well. Most of the empirical indicators, however, do not point
to an acceleration of productivity and GDP growth. Only a rising share in (information) capital substantiates

the idea of a singularity although nothing indicates that this is a near event (Nordhaus 2015: 8-29).

Similarly, the work by Gordon cannot verify a forthcoming upwards trend. On the contrary, at least in retro-
spective the data substantiates secular stagnation, not a rise in productivity and economic growth. Based on US
data from 1920 to 2014, Gordon (2015) identifies four different phases of which the first two are characterised
by high productivity increases. Since the 1970s, the trends of productivity and real GDP decline as well as an-
nual growth rates of aggregate hours and total factor productivity, which is used as a proxy for technological
progress (cf. table 1). Gordon interprets the time period from 1996 to 2004 as an exception and explains the

upsurge by the dot.com revolution (or bubble), not contradicting the declining trend.



Table 1 Depiction of annual growth rates by Gordon (2015)

Real Aggregate Output

GDP hours per hour  TFP
1920-1950 3.58 0.61 2.97 2.17
1950-1972 3.89 1.24 2.65 1.79
1972-1996 3.0l 1.63 1.38 0.52
1996-2004 3.32 0.81 2.51 1.43
2004-2014 1.58 0.36 1.22 0.54

Note: 2004 and 2014 data refer to third quarter of each year.

Source: Gordon (2015: 55)

Table 1 also points to a correspondence between high [low] productivity and high [low] real GDP growth.
Gordon’s GDP growth projections for the USA are pessimistic and in clear opposition with respect to a forth-
coming long-term economic upswing caused by technological innovations (Gordon 2016: 634-639). Mainly,
his argument is that much is already achieved, progress because of that difficult, and four headwinds, as he

calls it, will reduce GDP growth in the future.

“Rising inequality has diverted a substantial share of income growth to the top 1 percent, leaving
a smaller share for the bottom 99 percent. Educational attainment is no longer increasing as rap-
idly as it did during most of the 20" century, which reduces productivity growth. Hours worked
per person are decreasing with the retirement of the baby-boom generation. A rising share of the
population in retirement, a shrinking share of working age, and longer life expectancy are com-
ing together to place the federal debt/GDP ratio after the year 2020 on an unsustainable upward
trajectory. These four headwinds are sufficiently strong to leave virtually no room for growth

over the next 25 years in median disposable real income per person.” (Gordon 2016: 642).

Even if one does not to buy all his four arguments, his quote reminds the reader of factors besides technology
that shape GDP and productivity developments. This was also a starting point of the whole debate on secular
stagnation. After demonstrating that a simple extrapolation of old growth trends to project future GDP devel-
opments is useless, Summers (2014) identifies finance as both a driver of economic performance in the past
and as a cause of the economic crises of 2007/8. If investment falls short interest rates cannot fall enough to
stimulate investment again, and falling wages and prices will worsen the situation. Employment decreases and
Ponzi financing increases. As a remedy, he recommends to strengthen public and private investment, promote
business confidence and to maintain social protection. This is not a completely new insight. Hein (2016) re-
minds of the work of Josef Steindl on stagnation, who has analysed the stagnation period of the Great depres-
sion in contrast to the absence of stagnation in the so called golden age after world war II; which then again
was followed by a period of stagnation since the late 1970s. Steindl highlights factors that shield against stagna-
tion. Among other factors, he points to R&D spending and the technological catch-up process in Europe after
World War II. However, he also stresses the role of stagnatist policies, i.e. restrictive fiscal and monetary poli-
cies, which contribute to stagnation. Backhouse/Boianovsky (2016) provide an overview on the historical de-

bate on stagnation.



Derived from this review of the literature, five hypotheses will be put to a simple test based on descriptive sta-
tistics in the next chapter to explain the currently sluggish development of productivity despite plenty of new

technologies:

(1) There is no increase in productivity right now but there will be a new Kondratieff, i.e. a rise of
productivity in the future.

(2) The measurement of productivity is insufficient to cover productivity increases by digitalisation and
thus undervalues the increase in productivity.

(3) There is an increase in productivity but it is restricted to specific sectors or products with a relatively
low weight for the total economy.

(4) There is no significant increase in productivity because digitalisation does not raise productivity
(much).

(5) The impact of technological change as a supply side factor hinges on the demand side, too, i.e. that

changes in productivity depend also on a favourable macroeconomic environment.

3. Data and findings

Productivity growth can be interpreted as an outwards shift of the production possibility frontier. Potential
causes are better organisation and management of inputs, learning effects and improvements in education or
better technology but also a stimulation of investment which usually makes use of the state of art of capital
goods raising productivity in relation to the existing capital stock. The most common indicator for productivi-
ty is labour productivity because in the end all improvements should lead to an increase in output and value in
regard to the labour used for production. Labour productivity is measured by value added per employee or
hour; because of differences in working hours per year and person labour productivity per hour is the prefera-
ble indicator. In line with a standard production function approach capital deepening, i.e. increase in capital
per labour hour, contributes to an increase in output. Land as a production factor is ignored because it is as-
sumed that it is limited and cannot contribute to productivity increases. All value added which cannot be
traced back to labour and capital is summed up in a third indicator, usually called total factor productivity
(TFP). TFP is often referred to as technological improvement which is (only) valid if neither capital and labour
inputs nor their elasticities change. An important issue here is that changes in human capital, i.e. education
and training, are reflected in the TFP, not in labour productivity because it is assumed that labour is homoge-
neous. Therefore, an increase in university degrees of employees leads to a higher TFP which means that the
influence of technology is overestimated. In order to increase labour productivity more capital or better tech-
nologies could be used which is the reason why the OECD interprets capital deepening and TFP as growth

contributions to labour productivity (OECD 2018a: 52).

Both levels and growth rates are provided in common data sources. Often data at sectoral level is available, too.
However, longer time series are rare. This paper uses mainly data from the OECD and Eurostat, in particular

the OECD productivity database (OECD 2018b) and EU KLEMS (2018). Both databases include productivity



data for the USA and Germany (cf. for an in-depth analysis of German productivity developments Ademmer

etal. 2017).

In retrospective, if technological revolutions have had an impact on the economy and have had caused long
waves then we should be able to see significant changes in the living standard of the people over time that cor-
relate to technological basic innovations. Real GDP per capita can serve as a proxy for the change in living
standards. Pronounced upswings should be followed by phases of stagnation or even downturn. For the USA
and Germany from 1870 to 2015 (figure 1), at least this indicator tells a different story. An upwards trend of
GDP is disturbed by some pronounced peaks and troughs. And those peaks and troughs are related to crises,
not to technology-caused long waves: World War I in Europe; the Great Depression; the war economies of the
late 1930s/early 1940s and the fall in GDP afterwards; less pronounced the oil crises 1973 and 1979 and the ond

Gulf war 1990; finally the financial market crisis.

Figure 1 Real GDP per capita in PPP, 1970-2016
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This points to a rather steady diffusion of technology disrupted by crises, not caused by technological changes.
But maybe a closer look at productivity levels and growth rates is able to highlight changes caused by techno-

logical improvements.

Even between advanced countries there might be differences in productivity levels, especially after World War

II. An empirical study based on OECD productivity data by Wolff (1994) demonstrates that the USA has been



the leading economic country after World War II in terms of productivity but most OECD countries were
largely able to catch-up in the period from 1970 to 1988. The data Wolff presents indicates that technology
spreads and that it leads to a conversion of productivity levels at the level of the total economy, measured in
labour productivity and capital deepening, whereas total factor productivity shows a more disparate develop-
ment. After conversion, productivity growth rates for the total economy - and also for the reference country
USA - slow down but they are not fully synchronised among countries. Moreover, the evolution of productivi-

ty is characterised by an uneven development of productivity growth rates at sectoral level within countries.

A catch-up process can be very well identified for Germany from 1970 to the mid-1990s (see Figure 2). Since
1995, productivity levels are nearby but below the US level, which points to an exhaustion of the ‘advantages of
backwardness’ (Wolff 1994: 107). Data for the euro area is only available since the mid-1990s. For this time
period, the productivity levels are below the German and US levels, and the data does not indicate a catch-up

process in terms of productivity levels.

Figure 2 Productivity levels measured by gap in GDP per hour in respect to the USA
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Labour productivity growth rates for both countries since 1971 confirm the German catch-up process (Figure
3). Until the 1990s growth rates in Germany are higher than in the USA. Over the whole period, we see a
slightly negative trend for Germany, and for the USA a rather constant trend although there are heavy and
unsynchronised fluctuations, not only during the financial market crisis. Differences in growth rates between
the countries can be explained by a different sectoral structure due to differing specialisation and differences in
economic regimes. For example, the striking contrast between the development of the US and the German
productivity in 2009 is a result of two different labour market regimes. In the USA a lot of producers respond-
ed to the downturn after the financial market crisis with dismissals, which technically increased productivity if

value added does not drop too much. In Germany, firms were able to hoard labour because of the German



system of industrial relations that allows for paid training, temporarily reduced working hours and subsidies
by the state in times of crisis (Herzog-Stein et al. 2010). It resulted in a temporary decline in productivity until

the economy recovered again.

Figure 3 Labour productivity growth rates (per hour)
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Source: OECD productivity database

Recent years are characterised by slow growth rates in both countries and not a strong upswing as the advanc-
ing implementation of cloud services, 3d printing, smart devices, cyber-physical production systems and so on

would suggest.

For a shorter time period, data for TFP and capital deepening is available, too. Figures Figure 4 and Figure

5show the contributions of TFP and capital deepening to labour productivity.

Figure 4 Contributions to labour productivity in the USA
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Figure 5 Contributions to labour productivity in Germany
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Although for many and also recent years TFP dominates labour productivity no upwards trend can be identi-
fied. Note that TFP does not exactly measure technological progress because it is the residual of what is not
explained by labour and capital. Therefore, the negative development of TFP in Germany in 2008/09 does not

reflect a massive decline in technological capabilities but labour hoarding at this time.

EU KLEMS data allows analysing disaggregated data. Figure 6 compares the total economy with the so called
market economy, which excludes all sectors like real estate and public administration in which deflators are
mainly estimated because market prices are not available. Both market economies have a higher labour
productivity growth rate than the total economy. Two sectors of this market economy, manufacturing and

information & communication show especially high growth rates.

Figure 6 Labour productivity in the whole economy and selected sectors

Average annual growth

rate 1999 to 2015

USA Germany
Total economy 1.3 1.2
Market economy 1.5 1.4
Manufacturing 3.9 2.5
Information &
communication 4.5 3.4

Source: EU KLEMS, own calculations

However, differences in productivity growth rates between sectors are not a new development. On average, in

Germany the growth rates of manufacturing and information & communication are both above the market

10



economy but they do not start to move further away. There is no indication of an upswing in productivity due

to digitalisation in those sectors that might be overcompensated by slow-performing other market sectors.

Figure 7 Labour productivity growth rates in the market economy, in manufacturing and in information ¢

communication in Germany, 1996-2015
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The time period for the USA starts only in 1999. On average, information & communication shows lower

growth rates than the market economy. A negative trend is common to both the market sector and the two

other sectors.
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Figure 8 Labour productivity growth rates in the total economy, in manufacturing and in information &

communication in the USA, 1999-2015
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To sum up, sectors which should have a high affinity to digitalisation usually and in the medium term perform
better in relation to the rest of the market economy but there is no indication of recent innovations that drive
productivity in those sectors further upwards. On the contrary, productivity growth rates of the sectors in

question slow down similar to the total economy.

In order to analyse further differences between sectors, Figure 9 depicts the development of selected sectors
since 1999 measured by TFP as a proxy for technical progress. The IT sector, a sub-sector of information &
communication, performs in both countries much better than the total economy and service sectors like health
& social work which are focussed on direct human-human interaction. Digitalisation has become a reality in
health care, ranging from internet-connected pacemakers to artificial animals for dementia patients (U.S. Food
& Drug Administration 2017, Shibata et al. 2009), but still a lot services are time-consuming human-based
care tasks which limits productivity increases. What might be more interesting is that productivity in IT
moved away from the total economy not in recent years but in the USA in the early 2000s and in Germany

from mid-2000s onwards.
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Figure 9 Total Factor Productivity per working hour, 1999=100
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Suppose that digitalisation has potential because it offers a broad range of new technological tools that could,

in principle, have a significant impact on production and productivity. If so, what explains that this potential

could not be realised by now? Figure 10 highlights at least one aspect of this. In both countries the gains of

labour productivity were unequally distributed and did not contribute much to an increase in wages of em-
ployees. Starting in 1995, the data demonstrates that real wages lagged behind labour productivity and could
not catch-up afterwards. There is still a gap in both countries although real wage increases in Germany in re-
cent years partly closed the gap. Especially the real wage deflated with the consumer price index, which is the
relevant index for workers as consumers, points to an underperformance of real wages. From a macroeconom-

ic perspective, low wages translate ceteris paribus into low private consumption. If so, this irritates business

confidence and thus investment.
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Figure 10 Development of labour productivity in relation to real wages (CPI deflated and GVA deflated)
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4. Conclusions

It seems that only a combination of arguments leads to an accurate depiction of the consequences of digitalisa-
tion for productivity. (1) Currently, digitalisation is insofar hype as an increase in productivity for the total
economy but also for sectors with an affinity to digitalisation cannot be identified. On the contrary, advocates
of secular stagnation and a declining trend in productivity can claim that they are much more consistent with
the data. However, theoretical arguments demonstrate that digitalisation could change production in the fu-
ture. Past experience also tells that it will take some time to implement and spread the new technologies which
most likely is not a process of a few years but maybe decades (Brynjolfsson et al. 2017). It is an open question if
this will happen and if digitalisation will serve as a new basis innovation with revolutionary potential. (2) One
reason for the difficulty to measure the impact of basis innovations is that long-term time series on both
productivity for a broader range of countries and indices of technological change do not exist. Moreover, there
are many caveats that limit the interpretation of the existing data. The indicators, especially TFP, do not exact-
ly measure what they promise to measure. Furthermore, the data is highly dependent on assumptions, estima-
tions and the choice of the right deflator. Therefore, a careful interpretation is required. (3) Some sectors are
performing better in terms of productivity than the total economy, like manufacturing and information tech-
nology and communication. However, increases in growth rates of those sectors date back to previous techno-

logical changes, currently a new upswing of productivity is not present in the data. Moreover, some services
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rely and will rely on human interaction in future as well which restricts productivity increases and will lead to
unbalances developments. As a basic innovation, digitalisation should improve productivity in most of the
sectors, not only in some, and it should change productivity for the total economy noticeable. (4) The data,
which does not indicate a huge increase in productivity due to digitalisation in recent years, could be explained
by the fact that digitalisation does not change productivity. Although anecdotal evidence stresses value added
due to digitalisation aggregated data cannot confirm it. First research on firm-level data seems to show that
some dominating firms, so called superstar firms, have a high productivity (Autor et al. 2017). Still the ques-
tion is then why, if the superstar firms are dominating the market, the increase in productivity does not impact
more on the total economy or at least on some sectors. (5) Finally, the macroeconomic environment has to be
taken into account. An obvious candidate for the pronounced downturn of GDP and productivity growth in
recent years is the financial market crisis. But this might only be a pars pro toto for the dependence of produc-
tivity on the macroeconomic environment. Or to put it simply: Innovations are only realised if investors have
confidence in future sales. Fiscal retrenchment, austerity and trade wars do not foster sales, confidence and

productivity. Supply of technology is not sufficient to start a new Kondratieff.

References

Ademmer, M., Bickenbach, F., Bode, E., Boysen-Hogrefe, J., Fiedeler, S., Gern, K.-J., Gorg, H., Groll, D., Hornok, C,,
Jannsen, N., Kooths, S., Krieger-Boden, C. (2017): Produktivitat in Deutschland — Messbarkeit und Entwick-
lung, Series: Kieler Beitrage zur Wirtschaftspolitik, Nr. 12, Kiel Institute fort he World Economy: Kiel.

Autor, D., Dorn, D., Katz, L.F,, Patterson, C., van Reenen, J. (2017): The Fall of the Labor Share and the Rise of Superstar
Firms, NBER Working Paper, No. 23396, Cambridge, MA: National Bureau of Economic Research, URL:
https://www.nber.org/papers/w23396 [accessed on 10 September 2018].

Backhouse, R.E., Boianovsky, M. (2016); Theories of stagnation in historical perspective, in: European Journal of Eco-
nomics and Economic Policies: Intervention, 13(2), pp. 147-159.

Baheti, R., Gill, H. (2011): Cyber-physical systems, in: The impact of control technology, 12, S. 161-166.

Bangemann, T., Karnouskos, S., Camp, R., Carlsson, O., Riedl, M., McLeod, S., Harrison, R., Colombo, A.W., Stluka, P.
(2014): State of the Art in Industrial Automation, in: Colombo, A.W., Bangemann, T., Karnouskos, S., Delsing,
J., Stluka, P., Harrison, R., Jammes, F., Martinez Lastra, J.L. (Hg.), Industrial Cloud-Based Cyber-Physical Sys-
tems. The IMC-AESOP Approach, Cham/Heidelberg/New York/Dordrecht/London: Springer, DOI
10.1007/978-3-319-05624-1, S. 23-47.

Berman, B. (2012): 3-D printing. The new industrial revolution, in: Business Horizons, 55, 155-162.

Bernard, L., Gevorkyan, A.V., Palley, T.I., Semmler, W. (2014): Time scales and mechanisms of economic cycles: a review
of theories of long waves, in: Review of Keynesian Economics, 2(1), pp. 87-107.

Broy, M. (2011): Cyber-physical systems — wissenschaftliche Herausforderungen bei der Entwicklung, in: Broy, M. (ed.):
Cyber-Physical Systems. Innovation durch softwareintensive eingebettete Systeme, Berlin/Heidelberg: Springer,
pp- 17-31.

Broy, M., Cengarle, M. V., Geisberger, E. (2012): Cyber-physical systems: imminent challenges. In: Proceedings of the
17th Monterey conference on Large-Scale Complex IT Systems: development, operation and management, 1-
28, Springer-Verlag.

Brynjolfsson, E., Rock, D., Syverson, C. (2017): Artificial Intelligence and the Modern Productivity Paradox: A Clash of
Expectations and Statistics, NBER Working Paper, No. 24001, Cambridge, MA: National Bureau of Economic
Research, URL: https://www.nber.org/papers/w24001 [accessed on 10 September 2018].

15



EU KLEMS (2018): EU KLEMS Growth and Productivity Accounts: Statistical Module, ESA 2010 and ISIC Rev. 4 indus-
try classification. September 2017 release, Revised July 2018, URL: http://www.euklems.net/index.html [ac-
cessed on 29 August 2018].

Evans, P. C., Annunziata, M. (2012): Industrial Internet. Pushing the Boundaries of Minds and Machines, URL:
http://www.ge.com/sites/default/files/Industrial_Internet.pdf [accessed on 16 October 2018].

Geisberger, E., Broy, M. (2012): agendaCPS - Integrierte Forschungsagenda Cyber-Physical Systems, Series: acatech
STUDIE, Heidelberg et al.: Springer Verlag.

Gershenfeld, N. (2012): How to Make Almost Anything. The Digital Fabrication Revolution, in: Foreign Affairs, 91(6),
pp. 43-57.

Gordon, RJ. (2015): Secular Stagnation. A Supply-Side View, in: American Economic Review. Papers & Proceedings,
105(5), S. 54-9.

Gordon, RJ. (2016): The Rise and Fall of American Growth: The U.S. Standard of Living Since the Civil War, Princeton:
Princeton University Press.

Hein, E. (2016): Secular stagnation or stagnation policy? A post-Steindlian view, in: European Journal of Economics and
Economic Policies: Intervention, 13(2), pp. 160-171.

Herzog-Stein, A., Lindner, F., Sturn, S., van Treeck, T. (2010): From a source of weakness to a tower of strength? The
changing German labour market, IMK Report, No. 56e, URL:
http://www.boeckler.de/pdf/p_imk_report_56e_2011.pdf [accessed on 11 February 2013].

Industrial Internet Consortium (2018): Website of the Industrial Internet Consortium, URL: https://iiconsortium.org/
[accessed on 16 October 2018]

Jorda, O., Schularick, M., Taylor, A.M. [JST database] (2017): Macrofinancial History and the New Business Cycle Facts,
in: Eichenbaum, M., Parker, J.A. (eds.), NBER Macroeconomics Annual 2016, volume 31, Chicago: University
of Chicago Press.

Kondratieff, N. (1926): Die langen Wellen der Konjunktur, in: Archiv fiir Sozialwissenschaft und Sozialpolitik, 56(3), S.
573-6009.

Monostori, L. (2014): Cyber physical production systems. Roots, expectations and R&D challenges, in: Procedia CIRP, 17,
pp. 9-13.

Nordhaus, W.D. (2015): Are we approaching an economic singularity? Information technology and the future of eco-
nomic growth, Cowles Foundation Discussion Paper, No. 2021, Cowles Foundation at Yale University, URL:
http://papers.ssrn.com/sol3/papers.cfm ?2abstract_id=2658259 [accessed on 22 September 2015].

OECD (2017): OECD Digital Economy Outlook 2017, Paris: OECD Publishing.

OECD (2018a): OECD Compendium of Productivity Indicators 2018, Paris: OECD Publishing
(http://dx.doi.org/10.1787/pdtvy-2018-en)

OECD (2018b): OECD Productivity Statistics (database), https://doi.org/10.1787/data-00686-en [accessed on 31 August
2018].

Petrick, I.]., Simpson, T.W. (2013): 3D Printing Disrupts Manufacturing, in: Research-Technology Management, 56(6), S.
12-16.

Petrovic, V., Gonzalez, ].V.H., Ferrando, O-]., Gordillo, ].D., Puchades, ].R.B., Grinan, L.P. (2011): Additive layered man-
ufacturing: sectors of industrial application shown through case studies, in: International Journal of Production
Research, 49(4), 1061-1079.

Plattform Industrie 4.0 (2014): Industrie 4.0. Whitepaper FuE-Themen, version of 03 April 2014, URL:
http://www.plattform-i40.de/sites/default/files/Whitepaper_Forschung%20Stand%203.%20April%202014.pdf
[accessed on 07 August 2014].

Plattform Industrie 4.0 (2018), Website of the platform by the German Federal Ministry for Economic Affairs and Energy,
URL: https://www.plattform-i40.de/I40/Navigation/EN/Home/home.html [accessed on 16 October 2018]

Rajkumar, R, Lee, L, Sha, L., Stankovic, J. (2010): Cyber-Physical Systems. The Next Computing Revolution, in: Proceed-
ings of the Design Automation Conference, Anheim, USA, S. 731-736.

16



Reiher, T., Koch, R. (2015): FE-Optimization and data handling for Additive Manufacturing of structural parts, in: Pro-
ceedings of of the 25th Annual International Solid Freeform Fabrication Symposium - An Additive Manufac-
turing Conference, Austin/Texas, USA, S. 1092-1103.

Schuh, G., Potente, T., Varandani, R., Hausberg, C., Franken, B. (2014): Collaboration moves productivity to the next
level, in: Procedia Cirp, 17, S. 3-8.

Schumpeter, J. A. (1934): The Theory of Economic Development. An Inquiry into Profits, Capital, Credit, Interest, and
the Business Cycle, Cambridge, Mass.: Harvard University Press, reprint 1936.

Schumpeter, J.A. (1939): Business Cycles. A Theoretical, Historical and Statistical Analysis of the Capitalist Process, New
York, NY: McGraw-Hill.

Schumpeter, J. A. (1942): Capitalism, Socialism, and Democracy. New York: Harper & Brothers, reprint 1950.
Schumpeter, J.A. (1947): The Creative Response in Economic History, in: Journal of Economic History, 7(2), pp. 149-159.
Sha, L., Gopalakrishnan, S., Liu, X., Wang, Q. (2008): Cyber-Physical Systems. A New Frontier, in: 2008 IEEE Interna-

tional Conference on Sensor Networks, Ubiquitous, and Trustworthy Computing Sensor Networks, Ubiquitous,

and Trustworthy Computing, 1-9, DOI 10.1109/SUTC.2008.85, URL:
http://www.computer.org/csdl/proceedings/sutc/2008/3158/00/3158a001-abs.html [accessed on 21 September
2015].

Shibata, T., Wada, K., Ikeda, Y., Sabanovic, S. (2009): Cross-Cultural Studies on Subjective Evaluation of a Seal Robot, in:
Advanced Robotics, 23(4), 443-458.

Summers, L. (2014): Reflections on the ‘New Secular Stagnation Hypothesis’, in: Teulings, C., Baldwin, R. (eds.), Secular
Stagnation. Facts, Causes and Cure, London: CEPR Press, S. 27-38.

Teulings, C., Baldwin, R. (eds.) (2014), Secular Stagnation. Facts, Causes and Cure, London: CEPR Press.

Triebs, J., Kampker, A., Ayvaz, P. (2015): Rapid Additive Tooling for the Cost-effective Production of Tailor-made E-
Mobility Solutions, in: Haag, C., Niechoj, T. (Hg.), Digital Manufacturing. Prospects and Challenges, Marburg:
Metropolis, S. 67-84.

U.S. Food & Drug Administration (2017): Firmware Update to Address Cybersecurity Vulnerabilities Identified in Ab-
bott's (formerly St. Jude Medical's) Implantable Cardiac Pacemakers: FDA Safety Communication, URL:
https://www.fda.gov/MedicalDevices/Safety/AlertsandNotices/ucm573669.htm [accessed on 16 October 2018]

Wolff, E.N. (1994): Productivity Growth and Capital Intensity on the Sector and Industry Level. Specialisation among
OECD Countries, 1970-1988, in: Silverberg, G., Soete, L. (eds.), The Economics of Growth and Technical
Change. Technologies, Nations, Agents, Cheltenham, UK/Brookfield, VT: Edward Elgar, pp. 185-211.

17



