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Summary
The objective of this doctoral thesis is to analyze - both conceptually, analytically and numerically - the role of basic research in the process of innovation, and to determine the
corresponding implications for economic growth. We start by providing a comprehensive
overview of the literature on the innovation process, to motivate the main assumptions underlying the analytical and numerical parts of the thesis. For the subsequent analytical analysis,
we develop an endogenous growth model with an expanding variety of intermediate goods,
a hierarchy between basic research and applied research, and two-way spillovers between
both research sectors. Finally, the numerical applications are conducted through simulations
of this model, based on data from the Swiss innovation and growth system.
In chapter 2, we survey and analyze the literature on the interplay between basic research
and applied research in the process of innovation, by providing detailed evidence on the
channels and outputs of knowledge transfer between these two research areas. We identify
two key characteristics. First, the innovation process is characterized by a strict hierarchy
between basic research and applied research. Second, basic research and applied research
are interdependent, as implied by the existence of two-way spillovers between the two areas
of knowledge creation.
In chapter 3, we continue our analysis by developing an endogenous growth model that is
based on the two key characteristics of innovation derived in chapter 2. We combine the
expanding-variety growth model through horizontal innovations with a hierarchy of basic
research and applied research, and two-way spillovers which reinforce the productivity of
research in each sector. While basic research develops new ideas, applied research commercializes them by creating blueprints for new intermediate goods. We establish the existence
of balanced growth paths, along which the stock of ideas and the stock of commercialized
blueprints grow with the same rate. Basic research is a necessary and sufficient condition for
economic growth. Further, we show that there can be two different facets of growth in the
economy. First, growth may be entirely shaped by investments in basic research if applied
research operates at the knowledge frontier. Second, long-run growth may be shaped by
both basic research and applied research, and growth can be further stimulated by research
subsidies. We illustrate different types of growth processes by examples and polar cases
when only upward or downward spillovers between basic research and applied research are
present.
In chapter 4, we suggest a method to simulate the endogenous growth model developed in
chapter 3, which could be applied to the analysis of innovation and growth patterns. Based
on data from the Swiss innovation and growth system, we apply our method within three
different base scenarios, and provide evidence for the complementary role of basic research
3

and applied research. Given the particular assumptions on the underlying model parameters,
our results imply that a reduction of applied research subsidies, together with a simultaneous,
budget-neutral increase of publicly-funded basic research, would impact positively on the
long-run growth rate. Moreover, variations of the subsidization of research do not only
impact on employment in the research sector, but also on the overall employment pattern of
the economy. Furthermore, a budget-neutral reallocation of resources, from applied research
subsidization to basic research, would have no impact on the tax rate necessary to finance
public research outlays, while the time necessary to commercialize new basic research ideas
through applied research decreases.
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Kurzfassung
Ziel der vorliegenden Doktorarbeit ist es, sowohl konzeptionell, analytisch als auch numerisch die Bedeutung der Grundlagenforschung im Innovationsprozess zu untersuchen,
und die entsprechenden Implikationen für den volkswirtschaftlichen Wachstumsprozess zu
bestimmen. Wir beginnen mit einer umfangreichen Übersicht der Literatur über den Innovationsprozess, um die den analytischen und numerischen Teilen der Doktorarbeit zugrundeliegenden Annahmen zu motivieren. Im Rahmen des sich daran anschließenden analytischen
Teils der Arbeit entwickeln wir ein endogenes Wachstumsmodell mit einer sich erweiternden
Varietät an Zwischenprodukten, einer Hierarchie zwischen Grundlagen- und angewandter
Forschung sowie wechselseitigen Spillover -Effekten zwischen beiden Forschungsbereichen.
Die darauf aufbauenden numerischen Untersuchungen, welche auf Daten des Schweizer
Innovations- und Wachstumssystems basieren, werden im Rahmen von Simulationen dieses
Modells durchgeführt.
In Kapitel 2 beschreiben und analysieren wir die Literatur hinsichtlich der Wechselwirkungen zwischen Grundlagen- und angewandter Forschung im Innovationsprozess. Wir
belegen die Existenz und die Funktionen der Kanäle und Outputs des Wissenstransfers zwischen diesen beiden Forschungsbereichen. Dabei werden zwei der für den Innovationsprozess charakteristischsten Hauptmerkmale bestimmt. Zum einen besteht eine strikte Hierarchie zwischen der Grundlagenforschung und der angewandten Forschung. Zum anderen
existieren wechselseitige Spillover -Effekte zwischen der Grundlagenforschung und der angewandten Forschung, was deren gegenseitige Abhängigkeit belegt.
In Kapitel 3 setzen wir unsere Analyse fort, indem wir ein endogenes Wachstumsmodell entwickeln, welches die beiden im vorherigen Kapitel erarbeiteten Hauptmerkmale des Innovationsprozesses beinhaltet. Dazu kombinieren wir das Wachstumsmodell einer sich durch
horizontale Innovationen erweiternden Varietät an Zwischenprodukten mit einer Hierarchie
zwischen Grundlagen- und angewandter Forschung sowie mit wechselseitigen Spillover Effekten, welche die Forschungsproduktivität in den jeweiligen Sektoren erhöhen. Dabei
entwickelt die Grundlagenforschung neue Ideen, Theorien und Prototypen, während die
angewandte Forschung diese durch den Entwurf neuer Designs für Zwischenprodukte kommerzialisiert. Wir belegen die Existenz von konstanten Wachstumspfaden, entlang derer sich
sowohl der Bestand an Ideen als auch der Bestand an Designs gleichmässig erhöhen. Grundlagenforschung ist dabei sowohl eine notwendige als auch eine hinreichende Bedingung für
Wirtschaftswachstum. Des Weiteren legen wir dar, dass es zwei verschiedene Ausprägungen
volkswirtschaftlichen Wachstums geben kann. Einerseits kann der Wachstumsprozess ausschließlich durch Investitionen in die Grundlagenforschung stimuliert werden wenn sich die
angewandte Forschung bereits an der Grenze des verfügbaren Wissens befindet. Andererseits
5

kann das langfristige Wirtschaftswachstum sowohl durch die Grundlagen- als auch durch die
angewandte Forschung erhöht und daher auch positiv durch Forschungssubventionen beeinflusst werden falls die angewandte Forschung die Grenze des verfügbaren Wissens noch nicht
erreicht hat. Wir stellen verschiedene Ausprägungen von Wachstumsprozessen dar, sowohl
im Rahmen von Beispielen als auch durch die beiden Grenzfälle, in denen jeweils nur einseitige Spillover -Effekte zwischen Grundlagen- und angewandter Forschung bestehen.
In Kapitel 4 empfehlen wir eine Methode zur Simulation des in Kapitel 3 entwickelten, endogenen Wachstumsmodells, welche zur Analyse der Struktur von Innovations- und Wachstumsprozessen herangezogen werden kann. Basierend auf Daten zum Schweizer Innovationsund Wachstumssystem verwenden wir diese Methode im Rahmen von drei Grundszenarien
und belegen die komplementäre Rolle von Grundlagenforschung und angewandter Forschung.
In Anbetracht der speziellen Annahmen hinsichtlich der zugrundeliegenden Modellparameter legen unsere Resultate nahe, dass eine Reduktion der Subventionierung der angewandten
Forschung bei einer simultanen, budgetneutralen Erhöhung öffentlich finanzierter Grundlagenforschung einen positiven Effekt auf die langfristige Wachstumsrate hat. Zudem beeinflussen Variationen im Ausmass der Subventionierung der angewandten Forschung nicht nur
die Beschäftigungsstruktur im Forschungssektor, sondern auch die der gesamten Ökonomie.
Des Weiteren wird der zur Finanzierung öffentlicher Forschungsausgaben erhobene Steuersatz nicht durch die budgetneutrale Umverteilung von Ressourcen von der Subventionierung
angewandter Forschung hin zur Grundlagenforschung beeinflusst, während die zur Kommerzialisierung neuer Ideen der Grundlagen- durch die angewandte Forschung benötigte
Zeitspanne sich verkürzt.
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Chapter 1: Introduction

1.1 Motivation
It is widely recognized that innovation is key to economic growth. Innovative activity broadly
consists of basic research and applied research. While basic research develops the knowledge base of an economy by generating new ideas, theories and prototypes which often have
no immediate commercial use, applied research commercializes this knowledge by developing blueprints for new products and technologies. Thereby, the commercialization of basic
research through applied research is associated with significant time-lags and often requires
the active involvement of the inventor. Besides this hierarchy between basic research and applied research in the generation and commercialization of knowledge, the innovation process
is also characterized by two-way spillovers between both research sectors, through various
channels and with different outputs of knowledge transfer.
National expenditures for basic research and applied research are considerable. As shown
in Table 1.1, average research and development (R&D) expenditures as a share of GDP in
a cross-section of countries rose from 1.39 percent in 1995 to 1.72 percent in 2009, with
an interim peak at 1.94 percent in 2008. In addition, as shown in Table 1.2, average basic
research expenditures as a percentage of GDP showed an even more significant increase from
0.23 percent in 1995 to 0.35 percent in 2008. The share of basic research expenditures in
gross domestic R&D expenditures averaged around 20 percent between 1995 and 2008. As
to the financing and performance of R&D, basic research is mainly carried out and financed
by government institutions and universities, while applied research is primarily financed and
performed in the private sector (Gersbach et al., 2010).
In this thesis, we analyze the particular role of basic research in this context. Thereby, this
thesis complements the work of Gersbach et al. (2010a, 2010b) and Schneller (2011), who
analyze optimal basic research policies in relation to a country’s degree of openness and
its distance to the technological frontier, as well as the optimal investment mix between
basic research and higher education. We complement their work by providing an in-depth
analysis of the implications of the two main characteristics of the innovation process - a strict
hierarchy between basic research and applied research and two-way spillovers between both
research sectors - for long-run economic growth.

1.2 Definitions
For the models developed and applied in this thesis, we settle on the following use of notation
and terms.
First, we distinguish between “basic research” and “applied research” when describing the
11
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Table 1.1: R&D Expenditures (Source: OECD, 2010)
Gross Domestic Expenditure on R&D as a Percentage of GDP
1995

2005

2006

2007

2008

2009

Argentina

—

0.46

0.49

0.51

—

—

Australia

—

—

2.00

—

2.21

—

Austria

1.55

2.45

2.46

2.52

2.67

2.75

China

0.57

1.34

1.42

1.44

1.54

—

Chinese Taipei

1.72

2.39

2.51

2.57

2.77

—

Czech Republic

0.95

1.41

1.55

1.54

1.47

1.53

Denmark

1.82

2.46

2.48

2.58

2.87

3.02

Estonia

—

0.93

1.13

1.10

1.29

1.42

France

2.29

2.10

2.10

2.07

2.11

2.21

Hungary

0.72

0.95

1.00

0.97

1.00

1.15

Iceland

1.53

2.77

2.99

2.68

2.65

—

Ireland

1.26

1.25

1.25

1.29

1.45

1.77

Israel

2.57

4.41

4.42

4.77

4.66

4.27

Italy

0.97

1.09

1.13

1.18

1.23

1.27

Japan

2.91

3.32

3.40

3.44

3.44

—

Korea

2.30

2.79

3.01

3.21

3.36

—

Mexico

0.28

0.41

0.39

0.37

—

—

Netherlands

1.97

1.90

1.88

1.81

1.76

1.84

New Zealand

0.94

1.14

—

1.18

—

—

Norway

1.69

1.52

1.52

1.65

1.64

1.80

Poland

0.63

0.57

0.56

0.57

0.60

0.68

Portugal

0.52

0.78

0.99

1.17

1.50

1.66

Romania

0.75

0.41

0.45

0.52

0.58

0.47

Russian Federation

0.85

1.07

1.07

1.12

1.03

1.24

Singapore

1.15

2.19

2.17

2.38

2.61

—

South Africa

—

0.90

0.93

0.92

0.92

—

Slovak Republic

0.92

0.51

0.49

0.46

0.47

0.48

Slovenia

1.53

1.44

1.56

1.45

1.65

1.86

Spain

0.79

1.12

1.20

1.27

1.35

1.38

Switzerland

—

—

—

—

3.00

—

United Kingdom

1.91

1.73

1.75

1.78

1.77

1.87

United States

2.50

2.57

2.61

2.67

2.79

—

Average

1.39

1.61

1.70

1.71

1.94

1.72
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Table 1.2: Basic Research Expenditures (Source: OECD, 2010)
Basic Research Expenditure as a Percentage of GDP (as a Percentage of Gross Domestic Expenditure on R&D)
1995

2005

2006

2007

2008

Argentina

—

0.12 (26.09)

0.14 (28.57)

0.15 (29.41)

—

Australia

—

—

0.43 (21.50)

—

0.45 (20.36)

Austria

—

—

0.41 (16.67)

0.43 (17.06)

—

China

0.03 (5.26)

0.05 (3.73)

0.06 (4.23)

0.05 (3.47)

0.05 (3.25)

Chinese Taipei

—

0.25 (10.46)

0.26 (10.36)

0.26 (10.12)

0.28 (10.11)

Czech Republic

0.16 (16.84)

0.35 (24.82)

0.38 (24.52)

0.37 (24.03)

0.39 (26.53)

Denmark

—

0.44 (17.89)

—

0.30 (11.63)

—

Estonia

—

0.25 (26.88)

0.25 (22.12)

0.24 (21.82)

0.29 (22.48)

France

0.51 (22.27)

0.50 (23.81)

0.50 (23.81)

0.52 (25.12)

0.54 (25.59)

Hungary

0.18 (25.00)

0.23 (24.21)

0.21 (21.00)

0.20 (20.62)

0.20 (20.00)

Iceland

0.37 (24.18)

0.52 (18.77)

0.56 (18.73)

0.45 (16.79)

0.44 (16.60)

Ireland

—

0.30 (24.00)

0.29 (23.20)

0.29 (22.48)

0.37 (25.52)

Israel

—

0.66 (14.97)

0.63 (14.25)

0.62 (13.00)

0.62 (13.30)

Italy

0.22 (22.68)

0.30 (27.52)

0.33 (29.20)

0.31 (26.27)

0.33 (26.83)

Japan

0.41 (14.09)

0.40 (12.05)

0.40 (11.76)

0.40 (11.63)

0.39 (11.34)

Korea

0.29 (12.61)

0.43 (15.41)

0.46 (15.28)

0.50 (15.58)

0.54 (16.07)

Mexico

0.09 (32.14)

—

—

—

—

Netherlands

0.19 (9.64)

—

—

—

—

New Zealand

—

0.34 (29.82)

—

0.36 (30.51)

—

Norway

0.25 (14.79)

0.28 (18.42)

—

0.27 (16.36)

—

Poland

0.20 (31.75)

0.17 (29.82)

0.17 (30.36)

0.17 (29.82)

0.18 (30.00)

Portugal

0.13 (25.00)

0.18 (23.08)

0.19 (19.19)

0.20 (17.09)

0.28 (18.67)

Romania

0.09 (12.00)

0.09 (21.95)

0.15 (33.33)

0.19 (36.54)

0.24 (41.38)

Russian Federation

0.13 (15.29)

0.14 (13.08)

0.16 (14.95)

0.19 (16.96)

0.19 (18.45)

Singapore

0.17 (14.78)

0.45 (20.55)

0.45 (20.74)

0.41 (17.23)

0.44 (16.86)

South Africa

—

0.17 (18.89)

0.17 (18.28)

0.19 (20.65)

—

Slovak Republic

0.20 (21.74)

0.21 (41.18)

0.21 (42.86)

0.19 (41.30)

0.19 (40.43)

Slovenia

0.40 (26.14)

0.19 (13.19)

0.17 (10.90)

0.16 (11.03)

0.18 (10.91)

Spain

0.17 (21.52)

0.20 (17.86)

0.19 (15.83)

0.21 (16.54)

0.23 (17.04)

Switzerland

—

—

—

—

0.80 (26.67)

United Kingdom

—

—

—

0.19 (10.67)

0.19 (10.73)

United States

0.40 (16.00)

0.47 (18.29)

0.46 (17.62)

0.47 (17.60)

0.48 (17.20)

Average

0.23 (19.19)

0.30 (20.64)

0.31 (20.37)

0.30 (19.69)

0.35 (20.26)
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process of innovation. We follow the definition of research types used by the Organisation
for Economic Co-operation and Development (OECD). According to the OECD, research
and experimental development comprise basic research, applied research and experimental
development. In particular:
• Basic research is defined as “experimental or theoretical work undertaken primarily

to acquire new knowledge of the underlying foundations of phenomena and observable
facts, without any particular application or use in view.” [OECD (2002), p. 77]
• Applied research is understood as “original investigation undertaken in order to acquire new knowledge. It is, however, directed primarily towards a specific practical
aim or objective.” [OECD (2002), p. 78]
• Experimental development is “systematic work, drawing on knowledge gained from
research and practical experience, that is directed to producing new materials, prod-

ucts and devices; to installing new processes, systems and services; or to improving
substantially those already produced or installed.” [OECD (2002), p. 79]
We will use the term “basic research” as defined by the OECD, while “applied research”
involves the OECD’s definitions of both applied research and experimental development.
Second, while basic research generally develops new ideas, theories and prototypes, applied
research generates blueprints for commercial products and technologies. To simplify notation, we will refer to “ideas” regarding the output of basic research, while we use the term
“blueprints” to describe the output of applied research.
Third, we assume that basic research is financed and performed merely by public institutions,
while applied research is financed and performed exclusively by the private sector. Moreover,
basic research corresponds to university or academic research and science, while applied
research is associated with industrial or industry research. Thus, we will use the terms “basic
research”, “university research”, “academic research”, and “science” synonymously to refer
to basic research activities, while “applied research”, “industrial research”, and “industry
research” shall refer to the process of performing applied research.
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1.3 Research questions
Our main objective is to analyze - both conceptually, analytically and numerically - the role
of basic research in the innovation process, and to determine the corresponding implications
for long-run economic growth. In particular, we will try to answer the following questions:
1. What is the relationship between basic research and applied research in the invention
and commercialization of knowledge ?
2. How does basic research impact on long-run economic growth ?
3. What are the effects of budget-neutral variations in applied research subsidization on
basic research, innovation and long-run economic growth ?

1.4 Structure of the thesis
Chapter 2: Basic Research and Applied Research in the Innovation Process
We review and structure the literature on the role of basic research and applied research in
the innovation process. We find two key characteristics:
1. A strict hierarchy between basic research and applied research: the innovation
process is characterized by a strict hierarchy between basic research and applied research. While basic research develops the knowledge base of the economy, applied
research commercializes that knowledge by creating blueprints for new products and
processes.
2. Two-way spillovers between basic research and applied research: basic research
and applied research are interdependent as implied by the existence of two-way spillovers between both types of research. Thus, basic research and applied research influence each other through various channels and by the provision of manifold outputs.
Table 1.3 provides an overview of the channels and outputs of knowledge transfer
between both research sectors.
These two characteristics of the innovation process will be key to the following theoretical
and numerical analyses.
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Table 1.3: Two-way Spillovers Between Basic Research and Applied Research
Applied Research → Basic Research

Complementarities

Open science

Collaboration between universities and industry

Human resources channels

Embodied knowledge transfer

Joint industry-university research centers

Contractual research channels

Collaborative and contractual research ventures

Patenting and licensing of university inventions

Codified knowledge channels

Informal interactions and personal contacts

Technological communities

Entrepreneurial channels

Joint industry-university research centers

Execution of applied research

Channels
Academic consulting
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Patenting and licensing of university inventions
Start-ups and spin-offs from universities

Outputs

New knowledge and information

Data and research material

Codified knowledge

Skilled graduates

Unresolved problems and open research challenges

Human resources

New scientific instrumentation and methodologies

New instrumentation and measurement techniques

Research opportunities

Networks for knowledge diffusion

Mobilization of additional funding

Applied outputs

Enhancement of problem-solving capacities
New firms as start-ups and spin-offs from universities
Prototypes for new products and processes

Chapter 1: Introduction

Basic Research → Applied Research

Chapter 1: Introduction

Chapter 3: Hierarchical Growth
In chapter 3, we incorporate this hierarchy and the two way spillovers into an endogenous
growth model with horizontal innovation, in the tradition of Romer (1990). The main model
elements are
• a continuum of infinitely-lived households who consume final output and hold property
on intermediate goods producing firms.
• a final output sector in which output is produced and sold competitively, and a sector
for intermediate goods production that takes place under monopolistic competition.
• two research sectors, in which basic research and applied research are performed, using labor and the respective stock of knowledge. To incorporate two-way spillovers,
both basic research and applied research also depend on the knowledge stock of the
respective other research sector. Moreover, to address the hierarchy in the innovation
process, we assume that the stock of basic research ideas always has to be greater or
equal to the stock of blueprints developed through applied research.
• a government, which finances basic research and grants subsidies to applied research.
To finance its research outlays, it levies a lump-sum tax on labor income.
We first solve the model for its balanced growth path equilibrium and subsequently provide
an illustrative example by replicating the US innovation and growth pattern. Thereby, we
find that
1. along the balanced growth path, the stock of ideas generated through basic research
and the stock of blueprints developed through applied research grow with the same
rate.
2. public investments in basic research are necessary and sufficient for economic growth.
3. there are two possible growth regimes, depending on the distance of applied research
to the knowledge frontier: (i) if applied research operates at the knowledge frontier, it
is only basic research which impacts on economic growth, or (ii) if applied research
operates below the knowledge frontier, both basic research and applied research impact
on economic growth.
4. publicly-funded basic research is necessary and sufficient for economic growth, while
applied research subsidies only stimulate growth if the economy operates below the
knowledge frontier.
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Chapter 4: Numerical Simulations of Innovation and Growth Patterns
In chapter 4, we suggest a method to simulate the model developed in chapter 3. Based
on data provided by the Swiss Federal Statistical Office, we simulate the impact of budgetneutral variations in applied research subsidization on innovation and growth patterns. Given
our model setup, the simulations imply that
1. the reduction of applied research subsidies while simultaneously increasing publiclyfunded basic research increases the long-run growth rate.
2. variations in applied research subsidization do not only impact on the amount and
distribution of labor in the research sector, but also on the overall distribution of employment across sectors in the economy.
3. the tax rate levied on labor income, which is necessary to raise the funds for public research policies, is not affected by budget-neutral variations of applied research
subsidization.
4. the time-lag between the invention of new basic research ideas and their subsequent
commercialization through applied research decreases if applied research subsidization is reduced.
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2.1 Introduction
The process of innovation has been subject to an immense yet growing body of literature.
While the initial contributions described innovation as a rather simple, linear process leading
from basic, over applied research, to product development, and finally to commercialization,
subsequent studies provided an ever more comprehensive description how knowledge is finally transformed into commercial products and processes. Although all of these studies lead
to deep and detailed insights into the innovation process, the interactions among the actors
involved, the significance of the various channels and outputs of research, as well as into the
generation and transformation of knowledge, many of the key aspects of innovation remain
at least ambiguous, partly controversial, if not entirely unknown.
Apart from studies on the structure of the innovation system as a whole, various contributions aimed at shedding light on particular and individual aspects of the innovation process.
These include, for example, analyses on the various channels through which knowledge
flows from basic research to applied research and vice versa, as well as on the nature of the
knowledge transferred. However, although providing valuable insights into partial aspects of
the innovation process, to our knowledge, no thorough attempt has been made so far to tie
these views together and to insert them into a unified framework of innovation. Providing
such a framework would significantly enhance our understanding of the innovation engine
and help disentangle the forces at work in knowledge generation, product development and
commercialization. Determining the key characteristics of the vast majority of contributions
to the innovation literature might not only be of significant value for subsequent empirical
and theoretical work on innovation systems, but could also underline crucial implications for
policy makers and for the actors involved in the process of innovation.
This chapter provides a comprehensive overview of the literature on innovation systems. It
offers a unified view on two key features of the innovation process. First, the innovation
process is characterized by a strict hierarchy between basic research and applied research.
Basic research generates and extends the underlying knowledge base by developing new
ideas, theories and prototypes, which are further developed and commercialized through applied research. This is not to say that applied research could not initiate the development of
new products and processes, which then could foster new fields of activity in basic research.
This actually seems to happen at least as often as basic research initiating new applied research projects. However, when applied research motivates the generation of new products
and processes, it has to both implicitly and explicitly build upon previous knowledge, which
can be as basic as the elementary relationships of nature. In that regard, the contributions
of basic research in the form of new ideas, theories and prototypes in mathematics, physics,
biology or medicine, for instance, developed the knowledge base upon which subsequent
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research could build. These contributions were brought up either by the pure curiosity of the
scientists involved or as a response to prevalent applied research and other societal needs and
demands. All applied research ventures are thus bound by the available knowledge, while
this knowledge is generated and extended through basic research. However, the commercialization of basic research through applied research is usually associated with significant
time-lags between the origin of new knowledge within the scientific community and the development of new products and processes in the industrial sector. These time-lags, due to
the time necessary to search for and to implement useful scientific knowledge in industry,
can be considerable. Furthermore, the successful commercialization of basic research often requires the active involvement of the academic inventor in subsequent applied research
so that the tacit knowledge, which he acquired during his prior basic research, could be employed. Second, the innovation process is characterized by two-way spillovers between basic
research and applied research. More precisely, while basic research often stimulates and enforces new applied research projects, applied research significantly feeds back onto basic
research, by increasing its productivity and spurring new fields of research activity. These
two-way knowledge spillovers take place through a variety of channels and by the provision of manifold outputs. Despite their differences and particular properties, these channels
and outputs also display significant complementarities. Thus, the channels of knowledge
transfer can be summarized as human resources, contractual research, codified knowledge
and entrepreneurial channels, while the outputs of knowledge can be combined as codified
knowledge, human resources, research opportunities and applied outputs.
The findings of this chapter might also have important implications for innovation research
and modeling, as well as for technology policy. With regard to the former, theoretical modeling could take into account both the hierarchy and the two-way spillovers between the two
research sectors when setting up models of innovation and growth, for instance, while empirical analyses of the innovation process could be designed in such a way that they also
address the associated complementarities among knowledge transfer channels and outputs.
With regard to technology policy, the stakeholders of the innovation process, such as governments, universities, public and private research laboratories, and industry, for instance, could
take these key aspects of innovation into account. This might help setting up policies and
strategies related to the technology transfer between universities and industry, the patenting
and licensing of university inventions, or the creation of public-private research partnerships,
for instance.
Basic research is mainly carried out at universities and other public research organizations,
while applied research usually takes place in industry. According to the OECD’s Main Science and Technology Indicators, on average, about three-fourths of basic research ventures
are financed by government and higher education institutions - such as universities and pub-
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lic research institutes - while the remaining fourth is financed by business enterprises and
private non-profit institutions. The inverse pattern holds for applied research, with about
three-fourths being financed by business enterprises and private non-profit institutions, and
the remaining fourth by government and higher education institutions.
This chapter is organized as follows. In Section 2.2 we provide a brief overview of the history of innovation systems and of the main models put forth in the literature, as well as their
particular characteristics and major insights. We will describe the hierarchy between basic
research and applied research as the first key feature of the innovation process in Section 2.3.
In Section 2.4 we will present the second main characteristic of the innovation process, that
is the two-way spillovers between basic research and applied research. Upon presenting the
various knowledge transfer channels and outputs underlying the spillover process, we will
elaborate on the corresponding complementarities and present a condensed view of these
channels and outputs. Section 2.5 concludes. A comprehensive description of the empirical evidence regarding the various knowledge transfer channels and outputs between basic
research and applied research is given in the Appendix.

2.2 A brief history of innovation systems
Upon the end of the Second World War, the new US paradigm regarding science and its
role in the innovation system was most notably laid out in Vannevar Bush’s (1945) report
to the US President, which gave rise to the “Linear Model” of innovation (see, for example,
Cohen et al., 2002). According to the Linear Model, basic research initially develops the
knowledge base of an economy, which is subsequently taken up and refined through applied
research. Then, development and commercialization of this research takes place, leading
to new products and technologies1. The most crucial assumptions underlying the Linear
Model are, on the one hand, that spillovers take place only from basic research to applied
research, while no feedback effects occur in the other direction. On the other hand, basic
research is considered to be a public good, to be used in a non-rival and non-excludable way
by everyone, which justifies the use of public funds for its financing, while applied research
is kept entirely secret, and remains with the commercializing firm.
The Linear Model has been widely criticized - often, however, a bit too harshly as Balconi
et al. (2010) explain. Some of the main criticisms refer to the matter of why basic research
inventions, although they can be found in scientific publications, are cited so infrequently in
patents, despite their assumed usefulness for applied research. Another issue is why firms are
1

In this regard, Brooks (1994) provides some examples of inventions, which have been developed according to what he calls the “pipeline model” of innovation.
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frequently publishing the results of their applied research, while they are actually supposed
to keep their inventions secret (see, for example, Pavitt, 1997). Furthermore, the assumed
independence of basic research from social influences, the assumed existence of merely oneway spillovers from basic research to applied research, or the assumed uniqueness of basic
research knowledge do not seem to correspond to empirical observations of the innovation
process (Steinmueller, 1994).
These flaws of the Linear Model motivated efforts to provide a more realistic description of
the innovation process in the context of nonlinear innovation models. In these models, innovation is described as a highly complex process, shaped not only by technical feasibility, but
also by feedback effects determined by market demands and by the needs of potential innovation stakeholders, as well as by the institutional infrastructure of the innovation system. In
other words, innovation can be seen as a highly interdependent and heterogeneous process,
which is shaped by both technological and economic considerations, and which requires
not only scientific, but also applied knowledge and information, as outlined in the “ChainLinked Model” (Kline and Rosenberg, 1986), for instance. Stokes (1997) provides a similar,
but methodologically distinct paradigm of technological innovation. Pure basic research
might push the frontier of scientific understanding by building on previously accumulated
basic research alone, and by remaining independent from applied research. Similarly, pure
applied research and development, aimed at developing improved technologies, may proceed along similar patterns by merely building on existing applied research, while remaining
independent from basic research. Furthermore, use-inspired basic research, which aims at
producing both advancements in fundamental understandings and potential applications of
its research, proceeds along the lines of both existing basic research and applied research. In
line with the observed absence of technological convergence among industrialized countries,
an even more detailed wave of literature emerged, which strived to characterize the so-called
“National Systems of Innovation”. These models try to explain the existing differences in
innovative performance among countries with the differences in the institutions involved in
the innovation process, such as firms, universities and governments, the different underlying
incentive structures to perform research, as well as international and inter-firm differences in
technological competencies (see Nelson and Rosenberg, 1993, and Patel and Pavitt, 1994, for
instance). Innovation is characterized as a highly dynamic and heterogeneous process, for example with regard to the potential outputs of basic for applied research, which include more
than just knowledge, and extend to the transfer of personal skills and the access to national
and international research networks. Furthermore, the interplay between basic research and
applied research is described as interdependent processes, with both types of research influencing and reinforcing each other. Private industrial R&D carried out by firms is seen as the
key engine of innovation, spurring technological progress and, in many instances, giving rise
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to new fields of scientific activities, while basic research performed at universities and other
public research organizations is considered to be a key complementary component insofar
as it provides both new knowledge, new research techniques, and graduates with problemsolving and research skills that will support and promote technical advance in industry (Nelson and Rosenberg, 1993). While the National-Systems-of-Innovation-approach assigns a
leading role to applied industrial research in the innovation process, other models, such as
the “Triple Helix”-approach, attribute a more important role to basic university research (Etzkowitz and Leydesdorff, 1998, 2000). The Triple-Helix-approach considers the innovation
process and the underlying institutional arrangements between the actors involved, such as
universities, industry and the government, to be an evolutionary and transitory process shaping the organization of innovation itself, as well as the interactions among these actors.
Central to all modern approaches to innovation systems are the complex interactions between
the actors involved, the mutual dependence of the various types of research, as well as the
importance of the knowledge base for subsequent product development and commercialization. While some authors assign applied research the initiating role in the invention of new
products and technologies, others consider basic research as the key engine of innovative
activity. However, the knowledge base of innovation, consisting of new ideas, theories and
prototypes - which are often without commercial value per se - is generated and extended
by basic research. Spurred either by basic research or applied research and often triggering the rise and development of a new product or process line, a new invention generally
consists of the knowledge embodied therein. Thus, the innovation process is characterized
by a strict hierarchy of basic research and applied research, with the former developing the
knowledge base, and the latter further developing and finally commercializing it. Furthermore, both areas of research are highly interdependent, and influence each other through
different channels and by various means. That is, while basic research might initiate new
applied research projects, the inverse case of applied research inducing new basic research
ventures is at least equally important. Hence, beyond the hierarchy between basic research
and applied research, the two research areas are characterized by two-way spillovers. The
key subject of this survey is to provide an overview of the literature analyzing these two main
features of the innovation process.
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2.3 The hierarchy between basic research and applied research
2.3.1 The creation of knowledge
The innovation process is characterized by a strict hierarchy between basic research and
applied research. Basic research develops and extends the knowledge base for innovative
activity by exploring the basic facts and relationships of nature across all disciplines of science, and expressing these in the form of new ideas, theories and prototypes that can then
be commercialized through applied research. While basic research and applied research can
both take the initiating role in the process of innovation, new inventions usually have to build
upon knowledge developed before, or, in other words: “To invent something is to find it in

what previously exists” (Arthur, 2007, p. 285). As the scope and potential for innovative
activity is thus always bound by the current frontier of the knowledge base - which ultimately consists in the basic facts and relationships of nature themselves, or any combination
of those embodied in past inventions - it is basic research which first develops and extends
this knowledge base upon which both further basic research and applied research endeavors
can build.
This hierarchy has been widely documented. Henderson et al. (1998), for example, explore
the evolution of the quantity and quality of university patenting, as compared to overall
patenting behavior in the US between 1965 and 1992, to determine the degree of knowledgeflow from science to industry. Their findings suggest that while the overall rate of universityindustry knowledge transfer has increased, universities generally do not develop commercial
inventions per se, but usually provide the knowledge base upon which industrial research
generates commercial products and technologies. Similarly, Narin et al. (1997) analyze data
on more than 400,000 non-patent references, cited on almost 400,000 US patents issued from
1987 to 1988 and from 1993 to 1994, and find that the largest share of the knowledge base
underlying the US industry stems from public science, which is mainly performed in the US.
This corresponds to Nelson (2004), who suggests that the development of the science base of
the economy mainly results from publicly-funded research, based on which market-oriented
research evolves. Furthermore, the concept of hierarchy in the process of innovation also
entails the cumulative nature of research (see, for example, Hopenhayn et al., 2006). In
that regard, once a new idea is developed and turned into a commercial product, subsequent
innovations in the same product line build upon this first invention.
According to Nelson (1959), this knowledge base created through basic research consists of
new knowledge in the form of reproducible facts or data, as well as of theories or relationships between facts, while the economic benefits from basic research arise from the use of
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that knowledge to solve practical problems and to foster the development of new products
and processes. Furthermore, in contrast to applied research, basic research is usually undirected in the sense that generally no specific objectives or results are defined, towards which
research efforts are oriented. While this implies a significant degree of uncertainty when conducting basic research, it also widens the scope of possible research outcomes. This raises
the potential to induce major scientific breakthroughs, upon which subsequent research - and
even entirely new industries - might emerge.
There are numerous examples of basic research preceding and fostering the emergence of
new industries. Zucker and Darby (1996) and Zucker et al. (1998), for example, analyze data
from 14 years and across 183 US regions to show that the development of the knowledge base
in biology and genetics by “star” scientists with an outstanding publication record, who shape
the knowledge frontier in their field of research, was key to the subsequent rise and growth of
biotechnology industries in the US. Similarly, Feldman (2000) suggests that basic scientific
biotechnology research performed at universities and research institutes provided the knowledge base for commercial applications in pharmaceutical, medical diagnostics, agricultural,
bioenvironmental remediation, and chemical processing industries, for instance. Rosenberg
and Nelson (1994) investigate the role of universities in the US innovation system. They
show that basic research findings such as Perkin’s discovery of mauveine, which is considered the first synthetic aniline dye, or Prandtl’s development of the underlying theories on
fluid mechanics in the field of aeronautics, paved the way for many new industries, such as
chemical and aircraft manufacturing. As to pharmaceuticals, Sternitzke (2010) highlights the
importance of universities and public research institutes: the basic research conducted there
exerts a particularly important influence on radical innovations leading to new drug development chains, as opposed to incremental innovations striving to process these drugs further.
In that regard, Kodama and Branscomb (1999) report that industries which are closest to the
knowledge base of an economy, such as microelectronics, software, biotechnology and new
materials, are associated with rapid growth rates, thus underlining universities’ advantageous
position as promoters of growth in these areas.

2.3.2 Embryonic nature
The knowledge base generated through basic research usually consists of inventions that are
“embryonic” in nature, that is they are in a very early development stage and have no immediate commercial use. Although academic research often proves essential for subsequent
industrial innovations, this research itself usually does not generate specific products or processes of commercial value (Mansfield, 1991, 1995). More specifically, Jensen and Thursby
(2001) provide survey evidence on the licensing practice of 62 US universities between 1991
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and 1995, and they find that more than 75 percent of licensed university inventions were
merely a proof of a concept, or a prototype, developed without any particular commercial
use in mind. At the time of licensing, only 12 percent of all university inventions were
ready for commercialization, while for only 8 percent their manufacturing feasibility was
known. Jensen and Thursby’s findings imply that new ideas, theories and prototypes developed through basic research require subsequent refinement and processing through applied
research to generate new products and technologies of commercial value. Furthermore, in a
follow-up survey conducted among 300 industry licensing directors, Thursby and Thursby
(2003) find that due to their embryonic character, inventions licensed by universities tend to
have a higher failure rate than those licensed by non-academic institutions, as either the licensed technologies themselves were perceived as defective by the licensees, or the time-lag
with regard to market application turned out to be greater than expected. A further reason for
the higher failure rate of university-licensed inventions is that the academic inventor often
failed to provide the necessary support for the further development of his invention.

2.3.3 Time-lags
A crucial feature of the knowledge base generated through basic research is the existence of
substantial time-lags both during the generation of that knowledge in the scientific community and with regard to its subsequent impact on industrial productivity. Apart from the fact
that the impact of investments in science on scientific research output is already subject to
significant delays (Crespi and Geuna, 2008), the commercialization of scientific knowledge
through applied research is usually associated with substantial time-lags as well. To quantify
these delays, Adams (1990) employs article count data across 9 academic fields from 1868 to
1983, as well as data on scientific employment in the US industry between 1950 and 1985, to
construct various measures of science to be applied within a growth-accounting framework.
He finds that the expansion of academic knowledge exerts a positive, but lagged impact on
technological change and productivity growth. Thus, his findings suggest that the impact
of new academic knowledge on industrial productivity does not take place instantaneously,
but is associated with time-lags of about 20 years, due to the time necessary to search for
and to adopt useful scientific knowledge in industry. These time-lags have also been determined, but found to be significantly smaller, by Mansfield (1991, 1995), who investigates
data from 76 firms across 7 major US industries and from over 200 academic researchers
between 1975 and 1985. He finds that the mean time-lag between the relevant finding, by
academic research, and the first introduction of commercial products and processes based
on this research was about 7 years. In a follow-up study on 77 major firms across 7 US
industries, between 1986 and 1994, this time-lag decreased to about 6 years (Mansfield,
1998). Furthermore, Gibbons and Johnston (1974) study the information sources of 30 tech27
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nological innovations coming from various industries with varying research intensities. They
classify these sources according to external, internal and personal information. They find
that the time-lag between the publication of scientific literature and its use for technological
problem-solving amounts to about 12 years. One attempt to reduce these time-lags is to provide sufficient incentives for academic inventors to remain involved in the commercialization
of their research, as provided, for example, by the proposition of the Bayh-Dole Act in the
US in 1980, which allowed universities to retain income from licensing federally-funded
inventions (Jensen and Thursby, 2001).

2.3.4 Inventor involvement, collaboration and institutional settings
While basic research develops and extends the knowledge base, the subsequent refinement
and processing of this knowledge through applied research in the process of commercialization often requires the active involvement of and collaboration with the academic inventor.
Thereby, the means of involvement vary from employing the inventor by industrial research
laboratories to a temporary stay of industrial researchers at the inventor’s academic facilities,
to acquire the key research techniques required to develop the invention further. Furthermore,
the successful commercialization of basic research also depends on adequate institutional
settings of the innovation system.
The necessity of the inventor’s active involvement and of his participation in the process
of the subsequent commercialization of basic research through applied research has been
widely documented. Jensen and Thursby (2001) suggest that the commercialization of 71
percent of licensed university inventions required further collaboration between the licensee
and the academic inventor, due to the embryonic nature of most university inventions. Accordingly, licensing agreements on university inventions should not only consist of lumpsum payments, but should also entail variable elements, such as royalties and, in particular,
equity in licensing firms to provide sufficient incentives for the academic inventors to remain
involved and invest additional effort into the commercialization of their inventions. According to Thursby et al. (2001), these royalties grow with the quality of the faculty members
involved in the commercialization process and with the stage of development of the invention
at the licensing date. Similarly, Agrawal (2006) analyzes interviews with faculty inventors
at MIT for 124 licensing agreements, and suggests that some of the knowledge generated
in the context of academic research remains latent, i.e. uncodified, but generally codifiable,
when university inventions are licensed. To employ that latent knowledge, licensing firms
often hire the inventors. This might provide sufficient incentives to the inventor to transfer
and reveal his not-yet-codified knowledge, as well as to instruct the licensee in the underlying components of his invention. Furthermore, hiring the academic inventor also increases
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the efficiency of trial-and-error processes associated with product development, as a better
intuition for the functioning of the invention in different settings can be developed. Finally,
apart from the explicit transfer of latent knowledge, the licensee will also acquire knowledge about the steps and challenges preceding the licensing which might be required in the
process of product development. Yet, Agrawal reports that in the context of about one-third
of the licensing agreements under observation, no inventor involvement took place in the
subsequent commercialization, while the degree of involvement varied for the remaining
agreements. This could be due to firms potentially undervaluing the contribution of the inventors. It might also be due to the firms underestimating their need to draw from additional
knowledge in the further development of the academic invention. Firms also might already
have sufficient in-house expertise to commercialize the invention, thus rendering an additional involvement of the academic inventor superfluous. Finally, some inventions might not
require much more development and refinement, while for others the licensing firms might
even find it strategically preferable not to commercialize the corresponding license. For the
case of biotechnology industries, Zucker et al. (1998) note that especially in the initial stages
of the development of new products and processes through applied industrial research, the
active participation of the inventors of the scientific knowledge base was key to the successful commercialization. While the returns from acquiring their knowledge were relatively
high in the early stages of commercialization, due to the tacitness of their knowledge and
the intellectual human capital associated with these “star” scientists, the returns fell once
knowledge about the associated research techniques and methods spread and technologies
matured. In that regard, Zucker and Darby (1996) quantify the impact of the involvement
of these “star” scientists on both firm performance and academic performance. They find
that close cooperation between these “stars” and industrial researchers not only increases
the number of products developed and commercialized at the level of the individual firm,
as well as the amount of employment, but also benefits the stars in terms of increased rates
of citation. Likewise, Hall et al. (2003) highlight the importance of universities in research
partnerships with industry for projects involving new scientific findings and thus potentially
raising more difficulties and causing more delays, compared to rather standardized industrial
research ventures, as the involvement of universities tends to increase the awareness of basic
research findings, as well as the insight into them.
Besides the involvement of and collaboration with the academic inventor, institutional arrangements of innovation systems and networks, as well as their organizational setup, exert
a significant influence on the commercialization of basic research through applied research.
In that regard, Owen-Smith et al. (2002) compare the institutional setup and the linkages of
the US and the European innovation systems in the area of life sciences, between 1988 and
1999, and analyze how differences, in particular with regard to the division of innovative
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labor, supported the integration of basic biotechnological research with subsequent clinical
development. While the organization of the US innovation system, with its heterogeneous
and profound interactions among, for example, universities, government laboratories, small
biotechnological firms and pharmaceutical companies, supported the initiating role of basic
biotechnological research for subsequent clinical development, its European counterpart yet
lacks such strong and heterogeneous linkages among the actors involved in the innovation
process.

2.4 Two-way spillovers
Basic research and applied research influence and intensify each other. That is, while new
knowledge generated through basic research increases the productivity of applied research,
the latter itself exerts positive feedback effects on basic research increasing its effectiveness.
Often, basic research and applied research are interdependent to such a high degree that
neither invention nor product development and commercialization can take place without
the influence from either one of these two research areas. These two-way spillovers between
basic research and applied research take place through various channels and by the provision
of manifold outputs, which can be defined as follows.
• Channels: The channels of knowledge transfer between basic research and applied
research represent the modes through which one research area impacts on the other.
These modes can be embodied knowledge transfer, informal interactions and personal
contacts, patenting and licensing, for instance.
• Outputs: The outputs of knowledge transfer between basic research and applied research are the products by which one research area impacts on the other. These products can be graduate students coming from university, new firms, instruments, and
methods, for instance.
Table 2.1 gives an overview of the spillover channels between both research areas and of the
corresponding outputs.

2.4.1 Spillovers from basic research to applied research
The spillovers from basic research to applied research have been widely documented. Jaffe
(1989), for example, determines the impact of university research on corporate patenting behavior, as well as on the geographic localization of industrial research activity, by estimating
knowledge production functions. Using data on 29 US federal states between 1972 and 1981,
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Spillover Channels

Outputs

Basic Research → Applied Research

Open science

New knowledge and information

Embodied knowledge transfer

Skilled graduates

Collaborative and contractual research ventures

New scientific instrumentation and methodologies

Informal interactions and personal contacts

Networks for knowledge diffusion

Joint industry-university research centers

Enhancement of problem-solving capacities

Academic consulting

New firms as start-ups and spin-offs from universities

Patenting and licensing of university inventions

Prototypes for new products and processes
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Direction of Spillovers

Start-ups and spin-offs from universities
Applied Research → Basic Research

Collaboration between universities and industry

Data and research material

Joint industry-university research centers

Unresolved problems and open research challenges

Patenting and licensing of university inventions

New instrumentation and measurement techniques

Technological communities

Mobilization of additional funding

Execution of applied research
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Table 2.1: Two-way Spillovers Between Basic Research and Applied Research
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he finds that university research generates significant spillovers on industrial innovation and
corporate patenting. These spillovers are particularly strong in the fields of drugs and chemicals, albeit the concrete modes of spillovers remain undetermined in his analysis. Using
Jaffe’s model, Acs et al. (1992) use an alternative measure as a proxy for innovation activity. Instead of using the number of patented inventions, they take the number of innovations
recorded in 1982. This alternative measure for innovation activity differs from Jaffe’s insofar
as it captures all innovations that are introduced in the market, whether patented or not, and
excludes all inventions that were patented, but finally, not marketed. Using this alternative
measure, Acs et al. find that the impact of university research on innovation activity becomes
even larger than in Jaffe’s original specification.
However, the evidence on the geographic localization of spillovers from basic research is
ambiguous. Some authors find that spillovers from basic research to applied research have
an international dimension. In that regard, Crespi and Geuna (2008) analyze patterns of
public investments in higher education R&D, as well as scientific research output across 14
OECD countries between 1981 and 2002. They suggest that cross-country basic research
spillovers exist, which are particularly strong for scientific knowledge created in the US and
influence scientific research in other countries. These findings, together with the positive correlation between domestic basic research and applied research, would suggest that domestic
applied research in one country might benefit indirectly from basic research carried out in
other countries, as domestic scientific productivity is increased via cross-country spillovers.
Subsequently, an increased domestic basic research productivity would impact positively on
domestic applied research. In an attempt to analyze the causalities between both research
areas more directly, Funk (2002) distinguishes between basic research and developmental
research to determine the impact of international research spillovers on domestic productivity growth in nine OECD countries. He finds that basic research exhibits strong international
spillovers, while spillovers from development research are concentrated geographically in
the country where it is performed. Funk attributes these findings to the fact that basic research is carried out without a predefined objective in mind, while developmental research
usually aims at developing a specific product. Thus, the former has a much broader, international scope of potential applications, while the latter is more confined to domestic needs.
However, insofar as the internationalization of basic research spillovers requires the performance of applied research of domestic firms abroad and of foreign firms domestically,
respectively, to monitor and absorb local basic research ventures, these spillovers tend to be
relatively small because the extent of applied research of foreign firms on domestic markets
is relatively low. This seems to be due to the fact that the technological activity of firms
tends to depend mainly on the performance of their respective home country, i.e. to be biased towards their domestic market (Pavitt, 1991, Patel and Pavitt, 1991). Furthermore, Jaffe
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et al. (1993) use patterns of citations to both university and corporate patents to show that
both academic and industrial knowledge spillovers are geographically localized in the area
of the invention to which the respective patent citations refer. In that regard, the positive
impact of spillovers tends to decrease as the distance from the original place of knowledge
creation rises. Likewise, Mansfield and Lee (1996) analyze the impact of university research
on seven major industries in the US and suggest that geographical distance matters regarding
spillovers from universities to industry. Firms located closer to the respective universities are
more likely to be among the first to benefit from the academic knowledge generated there
than the firms located at greater distance.
Depending on research field and industrial sector, the spillovers from basic research to applied research vary in manner and intensity. Brooks (1994), for example, states that while
the impact of basic research on applied research in the field of mechanics appears rather negligible, it proved to be of considerable importance, in the fields of electrical, chemical and
nuclear technology, for instance. According to Pavitt (1997), academic research in mathematics or life sciences impacts on applied industrial research mainly through the transfer
of knowledge, while in physical sciences or engineering this impact takes place through
the provision of trained problem-solvers who apply their research skills to industrial needs.
Furthermore, while some research fields, such as life sciences, tend to have a direct, concentrated impact on a rather narrow range of applied research fields, other fields, such as
physical sciences, inherently have a much broader scope of potential industrial applications,
thus impacting more indirectly and pervasively on applied research. Finally, the industries
themselves differ in their use of academic research. While chemical industries, for example,
use academic research quite extensively and are thus quite research-intensive, others, such
as transportation, make less direct use of university research, but are rather developmentor engineering-intensive. Apart from these extremes, sectors such as electronics are both
research and development-intensive, using academic research in a more varied and diverse
way.
The impact of spillovers from basic research to applied research appears to be considerable.
Mansfield (1991, 1995) suggests that across 7 major US industries, about 11 percent of new
products and 9 percent of new processes could not have been developed without substantial
delay in the absence of recent academic research, with this impact being strongest in the drug
industry2. For the years 1986 to 1994, Mansfield (1998) finds that the share of new products
and processes that could not have been developed without substantial delay in the absence of
recent academic research even increased to 15 and 11 percent, respectively.
2

In that regard, one should note that “recent” academic research in Mansfield’s work relates to research
that was conducted within 15 years of the commercialization of the respective innovation. These figures might
well be considerably higher if previous academic research had been taken into account as well.
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The spillovers from basic research to applied research also depend on the characteristics of
both universities and private firms involved in academic technology transfer activities. In
that regard, Caldera and Debande (2010) analyze data on the technology transfer activities
of 52 Spanish universities between 2001 and 2005 to determine those university characteristics that impact positively on technology transfer performance. Their results suggest that
the universities’ technology transfer performance improves under established rules and with
procedures that govern the transfer of technology to industry, as well as with the university
being located in a science park, where firms are situated nearby. Likewise, the size and the
experience of the universities’ technology transfer offices (TTOs) exert a positive impact
on the amount of contract research with industry, while these TTO characteristics appear to
impact only to a lesser extent on the universities’ licensing activities and on the creation of
academic spin-offs. In contrast, private firms’ ability to draw from the knowledge generated at universities and other public and private research institutions significantly depends
on their respective degree of “absorptive capacity”, that is their ability to find and acquire
external knowledge and to appropriate it for their own applied research ventures (Cohen and
Levinthal, 1989). However, the studies analyzing the impact of firms’ size on their respective ability to use basic research knowledge yield ambiguous results. Cohen et al. (2002),
for example, argue that mainly large firms as well as start-ups, particularly in the field of
pharmaceuticals, benefit relatively strongly from public research, compared to small firms.
However, Acs et al. (1994), for example, who regress the number of innovations made by
small and large firms in 1982 on, among others, private R&D as well as on university research expenditures, suggest that while large firms mainly draw from corporate R&D for
their innovative activity, small firms particularly benefit from university research. This also
helps explain why small firms are often able to be innovative despite conducting only little
R&D themselves. Similarly, Link and Rees (1990) also provide evidence on small firms’ apparent comparative advantage when using university research, and they refer to these firms’
ability to avoid the high internal bureaucratic barriers to innovation and commercialization
faced by large firms.
The spillovers from basic research to applied research take place through a variety of channels, and through the provision of manifold outputs, as illustrated in the upper part of Table
2.1. With regard to the channels from basic research to applied research, Bekkers and Bodas
Freitas (2008) distinguish 23 potential channels of knowledge transfer from universities to
industry. These channels can be summarized as open science, embodied knowledge transfer,
collaborative and contractual research ventures, informal interactions and personal contacts,
joint industry-university research centers, academic consulting, patenting and licensing of
university inventions, as well as the establishment of new firms as start-ups or spin-offs from
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universities3. All these channels vary in their respective importance and degree of impact
on applied research. Depending on the scientific field or the industrial area, some of these
channels turn out to be more or less important for the transfer of basic research knowledge.
As to the outputs of basic research for applied research, Martin et al. (1996), and Salter and
Martin (2001) suggest that they appear in a variety of forms, and that the corresponding economic benefits are substantial. First, publicly-funded basic research increases the economy’s
knowledge stock with scientific and technological information. However, the acquisition
of this knowledge is not necessarily costless. Instead, firms need to invest in and to build
up capabilities to be able to acquire and use that knowledge. Second, public investments
in basic research also allow the training and provision of skilled graduates to industry. In
addition to using graduates’ scientific knowledge, firms particularly benefit from their general problem-solving abilities and the research skills acquired during their education. Third,
publicly-funded basic research often leads to the development of new scientific instrumentation and methodologies as scientists continuously have to develop new research equipment,
techniques and methods to cope with new basic research challenges. These instrumentation and methodologies can then be used for industrial applications as well, which are often
far from their original use in basic research. Fourth, public investments in basic research
allow the creation of networks of scientific and industrial researchers and foster participation in these networks. They strengthen social interaction in the innovation process. Fifth,
publicly-funded basic research supports and facilitates technological problem-solving in industry. Sixth, public investments in basic research may also imply the creation of new firms
as spin-offs from universities, for instance, although the evidence on this kind of benefit appears to be ambiguous. Seventh, Mowery and Sampat (2005) additionally suggest that basic
research itself may also lead to the development of prototypes for new products and processes. The relative importance of the economic benefits of publicly-funded basic research
differs, however, with regard to the respective fields of science, technology and industry. A
comprehensive presentation of the empirical evidence on these various channels, through
which basic research impacts on applied research, as well as the corresponding outputs, can
be found in the Appendix.

2.4.2 Spillovers from applied research to basic research
While the spillovers from basic research to applied research have been widely documented,
only few studies have dealt with the inverse relationship. Yet, these spillovers appear to be
of at least equal importance (Nelson, 1993, Brooks, 1994). In that regard, Chaves and Moro
3

Similarly, D’Este and Patel (2007) suggest that the various potential channels of interaction between
academic researchers and industry can be summarized as meetings and conferences, consultancy and contract
research, the creation of physical facilities, training, and joint research.
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(2007) analyze a cross section of countries in 1981, 1991 and 2001, to determine the mutual dependence of science and technology development in the national innovation systems,
particularly in the health sector. They find strong evidence for a high interdependence of
basic research and applied research. That is, while applied research is influenced by basic research, the reverse impact, that is of basic research being affected by applied research,
holds true as well. Likewise, Rosenberg (1982), Kline and Rosenberg (1986) and Nelson and
Rosenberg (1993) argue that while science often induced the development of new technologies, new technologies have also triggered the rise of new fields of science in many instances.
Siegel et al. (2003) provide interview responses from entrepreneurs, scientists and administrators from five US research universities. In particular, they highlight that 65 percent of
the scientists interviewed indicated that their industrial appointments implied positive feedback effects on their scientific work, enhancing both the quantity and quality of their basic
research ventures.
There are numerous examples for such feedback effects from applied research to basic research. In that regard, the invention of transistors, for example, exerted an important influence on basic research in the fields of electrical engineering and materials science. Likewise,
the invention of lasers shaped basic research in the areas of physical chemistry and optics.
Thus, while the invention of both transistors and lasers drew heavily on preceding basic
research, their introduction gave rise to new fields of science (Nelson and Romer, 1996).
Furthermore, Nelson and Rosenberg (1993) suggest that the practical use and application of
chemical reactions and processes for the manufacturing of chemical products was in place
long before chemistry emerged as a scientific discipline. Thus, previous applied research in
the form of trial and error in producing chemical products gave rise to structured scientific
chemical research in the second half of the nineteenth century, which itself set the basis of
new applied chemical research and industrial applications. Similarly, applied industrial research which aimed at finding new chemical materials, gave birth to the scientific discipline
of polymer chemistry, while basic chemical engineering research, merging the scientific disciplines of chemistry and mechanical engineering, evolved in response to the rise of modern
chemical industries. Gazis (1979) provides further examples for the stimulus of new fields
of science through previous technological developments. Thermodynamics was developed
after James Watt’s improvement of the steam engine, which was invented by Thomas Newcomen. Irving Langmuir’s invention of the nitrogen-filled electric bulb gave rise to the theory
of thermionic emission into gases, for instance. Gazis also highlights key technological developments at IBM, which prepared the grounds for subsequent advances in science. These
include the development of field effect transistors, which was key to subsequent scientific
work on two-dimensional electron gas investigations, or the work on amorphous semiconductors, which stimulated the development of the amorphous semiconductor theory. The use
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of ferroelectricity for logic and memory devices, finally, contributed to the science of ferroelectricity. Furthermore, Rosenberg and Nelson (1994) suggest that the scientific field of
electrical engineering has been established at US universities in the late nineteenth century,
in response to the emergence of electricity-based industries. According to von Hippel (1989),
the analytical technique of gas-liquid partition chromatography was invented by Archer J.P.
Martin and Richard L. M. Synge at the Wool Industries Research Association, and published
in 1941. Based on this technique, the first working prototype of a gas chromatograph was
developed at the National Institute for Medical Research in London by Martin in cooperation with Anthony T. James. Their results were published in 1952 and commercialized by
British and American firms from 1954 on. Using the gas chromatograph, Courtney Phillips
of Oxford university invented the idea and methodology of temperature programming which
triggered more than 20 subsequent publications dealing with the matter, and led to further
refinements and commercial versions of the gas chromatograph. Based on these initial findings in gas chromatography, numerous further inventions were developed both at universities
and in industry, such as the capillary column, the silanization of column support material,
the thermal conductivity detectors and the argon ionization detector.
The effectiveness of these spillovers from applied research to basic research is determined
by a variety of factors from the researchers involved to the institutional characteristics of
the underlying innovation system. According to Gazis (1979), the most important factors
contributing to the impact of technology on science are the interactions between scientists
and technologists - with the special case where the two are one and the same person -, the
novelty of the technology - that is, the more revolutionary is a technology the higher is its
potential impact on science -, and the willingness and ability of the scientists to understand
the underlying functionalities and problems of a technology. This point is close to Rosenberg’s (1990) concept that the execution of applied research in industry often entails carrying
out basic research unintentionally. This happens in high technology industries, in particular, where researchers and scientists both try to solve practical problems, while at the same
time encountering new research challenges, all of this in a highly interactive manner, which
induces the researchers and scientists to investigate new ways of tackling these challenges.
Similarly, Stokes (1997) suggests that while they might be carried out independently, basic
research and applied research often cannot be separated strictly. Instead, the two main goals
of research - the understanding of scientific phenomena and the use of research for specific
purposes and needs of individuals, groups or the society as a whole - can both motivate new
research endeavors. Stokes provides ample evidence for this point of view, highlighting the
work of researchers such as Louis Pasteur, William Thomson Kelvin, Hermann Staudinger
or Irving Langmuir, who pursued research in the fields of microbiology, physics, organic
chemistry, pharmaceuticals or plastics to gain fundamental insights into scientific phenom-
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ena and interrelations of nature, thus pushing forward the existing knowledge frontier. At the
same time, their research originated from observing applied problems and having possible
practical applications in mind. Furthermore, von Hippel (1989) depicts the users, suppliers
or manufacturers as the original innovators of products or processes, which in later stages of
development influenced academic research. Likewise, Agrawal and Cockburn (2003) investigate the “Anchor Tenant Hypothesis”, according to which the mere presence of large and
R&D-intensive firms with a minimum degree of absorptive capacity triggers the market entry
of smaller, research-active firms by exerting positive externalities on the local economy. Consequently, the entry of these smaller firms leads to an increased impact of vertical knowledge
spillovers between universities and industry, and thus to a strengthening of the local innovation system. Testing this hypothesis, Agrawal and Cockburn suggest that spillovers from
university to industrial research and vice versa might take place, implying that the presence
of large, research-active anchor tenant firms has positive direct and indirect effects on both
types of research.
As in the case of spillovers from basic research to applied research, the impact of applied
research on basic research also takes place through various channels and by the provision of
different outputs, as shown in the lower part of Table 2.1. The channels of knowledge transfer are university-industry collaboration by means of, for example, academic consulting by
scientists, who temporarily leave their faculty position to work on applied research projects
in industry, joint industry-university research centers, which allow cooperative work of researchers from both the scientific and the industrial research sector on particular research
problems, the patenting and licensing of university inventions, technological communities
which provide a platform for knowledge diffusion among basic researchers and applied researchers, as well as the mere performance of applied research itself. With regard to the corresponding outputs, applied research impacts on basic research by providing the academic
scientists with data and further research material, by fostering the discovery of unresolved
problems and open research challenges that academic researchers might encounter during
their involvement with industry, by developing new instrumentation and measurement techniques that can be used in science, and by mobilizing additional funding for the type of
conducting basic research that might be of potential commercial interest. A comprehensive
description of the empirical evidence on the channels through and outputs by which applied
research impacts on basic research is given in the Appendix.

2.4.3 Complementarities
After having presented the various spillover channels among the two research areas, as well
as the knowledge outputs transferred, it is sensible to consider the complementarities associ-
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Table 2.2: Complementarities Among Knowledge Transfer Channels
Complementarity

Spillover Channels

Human resources channels

Embodied knowledge transfer
Collaborative and contractual research ventures
Informal interactions and personal contacts
Academic consulting
Technological communities

Contractual research channels

Collaborative and contractual research ventures
Joint industry-university research centers
Academic consulting
Patenting and licensing of university inventions
Collaboration between universities and industry

Codified knowledge channels

Open science
Patenting and licensing of university inventions
Execution of applied research

Entrepreneurial channels

Collaborative and contractual research ventures
Joint industry-university research centers
Patenting and licensing of university inventions
Start-ups and spin-offs from universities

ated with the innovation process, that is, the overlappings that exist both among the channels
of knowledge transfer and among the associated research outputs. By doing so, we will provide a more unified and condensed perspective on the innovation process and emphasize its
complexity and interdependence.

Complementarities among channels
The various channels of knowledge transfer introduced above can be summarized as human
resources channels, contractual research channels, codified knowledge channels, and entrepreneurial channels. In that regard, some of the channels we discuss may belong to more
than one of these categories, which reflects the various degrees of complementarity across
knowledge transfer channels as well as the complexity of the innovation process. Table 2.2
provides an overview over the four main channels of knowledge transfer.
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• Human resources channels
Human resources channels relate to the transfer of knowledge through personal exchange among researchers. Innovations, research proceedings, problem-solving skills
and methodologies are embodied by the respective researchers, and are transferred
from person to person, both within one research sector and across different research
areas. In that regard, the channels of embodied knowledge transfer, collaborative and
contractual research ventures, informal interactions and personal contacts, academic
consulting, as well as technological communities belong to the broad category of human resources channels.
Often, knowledge is tacit. It exists, though, in the mind of the researcher, who has
the skills to apply that knowledge to alternative scientific purposes as well as to industrial uses. In that regard, however, knowledge transfer requires these researchers
to communicate and to use their knowledge and skills personally. Thus, their human
resources are key to the transfer of knowledge. In the context of embodied knowledge
transfer, this knowledge and these skills first have to be built up through education,
training and research in academia to be channeled to industrial applications through
graduate students or scientists becoming employed in industry. Similarly, but rather
on a temporary basis, academic consulting is also associated with scientists personally transferring and employing their knowledge and skills in industry. Furthermore,
collaborative and contractual research ventures often enable the personal exchange
of knowledge and information among scientists and industrial researchers. Again,
the particular knowledge assets and skills of the researchers involved are key to efficient knowledge transfer when exploiting their comparative research advantages while
working on joint research projects. Besides having tacit knowledge and skills to transfer, however, it is also crucial to be both willing and able to communicate them to
one’s respective research partners. Likewise, informal interactions and personal contacts between researchers from both universities and industry and, to a more formal and
purpose-oriented extent, technological communities, also require both the possession
of knowledge and skills and the ability to communicate them to other researchers. To
sum up, a common feature of all these channels is the importance of human resources,
as the researchers act both as the knowledge generators and as knowledge transferrers.
• Contractual research channels
Contractual research channels are characterized by formal contracts or agreements between research partners, which outline the objectives, content, scope, and conditions
of knowledge transfer together with the duties and rights of the involved parties. Often,
these channels are used to work on joint research agendas. They regulate the formal
exchange and use of skills and methods, allowing to solve particular research prob40
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lems, or to define and assign intellectual property rights to commercialize an invention. Such formal grounds are required, in particular, for the channels of collaborative
and contractual research ventures, joint industry-university research centers, academic
consulting, the patenting and licensing of university inventions, and the collaboration
between universities and industry.
Formal research agreements often prove essential. They provide incentives for stable
research partnerships and for sustainable knowledge transfer, as the absence of such
formal agreements might lead to free-riding on the research efforts of the research
partners, while failing to fulfill one’s own research responsibilities. Thus, contractual
arrangements between the researchers themselves as well as with their associated academic and industrial research institutions allow more efficient knowledge transfer, and
take the preferences of the various innovation stakeholders involved into account, as
well as the potential information asymmetries associated with cooperative research. In
that regard, the channels of collaborative and contractual research ventures are usually
based on such formal arrangements between universities and industry. They outline,
for example, the scope, the objectives, as well as the respective responsibilities and
rights of the research partners involved. Similarly, joint industry-university research
centers are set up on a contractual basis, too, which outlines and certifies the terms
and conditions of joint research as well as common research agendas and objectives.
Likewise, academic consulting generally takes place on the basis of pre-defined terms
of reference that define the respective duties and rights of the academic researcher
and of the company that hires him. Upon the end of the consulting appointment, the
performance of the academic researcher can be evaluated based on these terms of reference. Similarly, the patenting and licensing of university inventions is also based on
contractual agreements between the academic inventor, holding the intellectual property rights of his invention, and the licensing firm. To be able to file for a patent for a
university invention, firms who intend to commercialize the associated invention need
to enter into a contractual agreement with the academic inventor, who is often represented by his university’s TTO. This contract outlines the licensing fees, the contract
period and the conditions of use for the corresponding invention, for instance. Finally,
collaborations between universities and industry on common research objectives are
also based on formal research agreements specifying the respective goals, tasks and
responsibilities within the planned research partnership. Thus, the underlying contractual arrangements which formally define, specify and shape the transfer of knowledge
are the common feature of all these channels.
• Codified knowledge channels
Codified knowledge channels are characterized by the exchange of knowledge for41
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mally laid down in, for example, scientific publications, reports or patents. They often
allow the direct application of knowledge without any further elaboration and modification being required or necessitating only minor amendments. In that sense, it is
particularly the channels of open science and the patenting and licensing of university inventions that belong to codified knowledge channels. In a figurative sense, the
execution of applied research itself also belongs to this category.
Before being applicable, knowledge often has to be expressed in a formal way. Scientific breakthroughs, findings and proceedings across all possible disciplines are laid
down and communicated to both the academic and industrial research community primarily through articles and publications in scientific journals. These publications are
made through standardized means, such as theoretical or empirical models, which allow preservation, replication and further elaboration. Furthermore, the communication
of research findings often takes place through reports, reviews and conferences, which
also have to match the formal requirements of the scientific and industrial research
discourse to be discussed, applied and further developed. Likewise, the patenting of
research findings has to correspond to specific formal requirements, confining the underlying invention into a formal frame, and allowing for its subsequent application. In
that regard, the channels of open science provide a platform for the communication
and exchange of codified knowledge. Researchers, who publish the results of their research in journals and scientific reports, and who present their findings at conferences
and workshops usually do so in the codified way common to their research community.
Likewise, the codification of knowledge also takes place when patenting and licensing
university inventions. Here, the precise classification of scientific findings, as well as
their detailed description on the patent are essential to define the scope of the inventor’s intellectual property rights which impacts on subsequent licensing. Finally, the
execution of applied research itself might offer a means of knowledge transfer through
codified channels. In that regard, particular applied research inventions, which can be
formally laid down in codified descriptions such as blueprints or instruction manuals,
for instance, often provide the grounds for subsequent basic research. To summarize, these codified knowledge channels are characterized by a formal and detailed
description of the knowledge transferred, which allows for its direct communication
and subsequent application.
• Entrepreneurial channels
Entrepreneurial channels are characterized by the transfer of knowledge out of predefined commercial objectives and means of application. An important feature is that
a significant degree of uncertainty is involved in the transfer and commercialization
of that particular knowledge. The channels of collaborative and contractual research
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ventures, joint industry-university research centers, the patenting and licensing of university inventions, and start-ups and spin-offs from universities constitute these types
of channels.
Various channels of knowledge transfer are set up based on entrepreneurial objectives.
For academic researchers, commercial incentives mainly consist in the revenue opportunities associated with the commercialization of scientific research, be it the setting
up of new firms based on that research or by the licensing of their inventions to private
firms, who conduct the subsequent applied research. However, as knowledge developed through basic research is seldom of immediate commercial use, private firms
acquiring this knowledge generally bear the risk that subsequent product development
and commercialization might fail, if the processing and refining of that knowledge
through applied research fails. To minimize that risk and to engage in commercially
promising areas of research, firms frequently set up joint research ventures with universities, so that both realize comparative research advantages and exploit the associated
economies of scale. In that regard, collaborative and contractual research ventures
often provide firms with the opportunity to draw from the knowledge and research
capacities of university scientists and to exploit synergies stemming from the cooperation between academic and industrial researchers. Ideally, academic, non-commercial
knowledge and skills complement industrial product development and commercialization, such that the innovative risk of predefined entrepreneurial objectives can be
reduced. Likewise, joint industry-university research centers, which are set up out
of specific entrepreneurial objectives, entail the opportunity to draw from scientific
knowledge in applied industrial research and development. Furthermore, the patenting and licensing of university inventions is carried out in such a way that new basic
research knowledge can be codified and filed for a new patent, which realizes its commercial potential in industry. Thereby, the entrepreneurial objectives stemming from
the generation of licensing revenues usually underlie the attempts of the academic inventor to transfer his knowledge by these means. Furthermore, by outsourcing the
commercialization efforts, the academic inventor also transfers the associated risk to
the licensing firm. The creation of start-ups and spin-offs from universities constitutes
the most obvious entrepreneurial channel of knowledge transfer. If scientists think
their invention will have commercial potential after the processing and refinement
through applied research, they often choose to become entrepreneurs themselves. They
create their own firms based on their invention, if the expected returns of becoming an
academic entrepreneur exceed the associated risk of a commercialization failure. This
particular focus on commercial objectives, as well as the specific consideration of the
risks associated with commercialization are central to all these entrepreneurial channels. That risk is left entirely with the academic inventor if he sets up a new firm based
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on his invention, and it is left entirely with the firm that licenses patented university
inventions. The intermediate cases of collaborative and contractual research ventures,
as well as joint industry-university research centers, are characterized by various and
case-specific degrees of risk-sharing between universities and firms when conducting
joint research.
Complementarities among knowledge outputs
Complementarities also exist among the outputs of knowledge transferred. According to
these complementarities, four more general output categories emerge. Those are codified
knowledge, human resources, research opportunities, and applied outputs. As in the case of
knowledge transfer channels, various knowledge outputs belong to more than one of the complementary categories. Table 2.3 provides an overview over the complementarities among
knowledge outputs.
• Codified knowledge
Codified knowledge comprises new ideas, theories and prototypes, which are formally
laid down in scientific publications and reports, for instance. The provision of research instrumentation, methodologies and measurement techniques is also related to
the prior codification of knowledge, as potential applications in science or industry
usually require a formal description of the underlying properties, characteristics and
functions in user manuals or handbooks, for instance. In that regard, it is the output
of new knowledge and information, new scientific instrumentation and methodologies
from basic research for applied research, and new instrumentation and measurement
techniques from applied research for basic research, which constitute the more general
output category of codified knowledge.
Often, the codification of knowledge is required if this knowledge is to be applied
to subsequent scientific and industrial purposes directly. New knowledge, which is
developed through basic research, and published in scientific journals and reviews,
or presented at conferences and meetings, usually has to correspond to the common
formal standards of the respective scientific discipline, to allow its communication
among researchers. This formal codification allows for its straightforward application
to problem-solving in research or product development and product commercialization
in industry. The development of new scientific instrumentation and methodologies in
science, as well as new instrumentation and measurement techniques through applied
research requires the precise and formal description of their means of functioning and
application before these methodologies and means can be used for research and development. To summarize, the fact that it would be impossible to apply the underlying
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Table 2.3: Complementarities Among Knowledge Outputs
Complementarity

Output of Knowledge

Codified knowledge

New knowledge and information
Scientific instrumentation and methodologies developed through basic research
New instrumentation and measurement techniques
developed through applied research

Human resources

Skilled graduates
Enhancement of problem-solving capacities

Research opportunities

New knowledge and information
Scientific instrumentation and methodologies developed through basic research
New instrumentation and measurement techniques
developed through applied research
Networks for knowledge diffusion
Enhancement of problem-solving capacities
Prototypes for new products and processes
Data and research material
Unresolved problems and open research challenges
Mobilization of additional funding

Applied outputs

New firms as start-ups and spin-offs from universities
Prototypes for new products and processes
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knowledge in science and industry without its previous formal definition and description is the key feature of codified knowledge outputs.
• Human resources
Various knowledge outputs have the common feature that they impact on and through
the human resources of the researchers engaged in basic research and applied research,
by developing and improving their individual skills. Human resources comprise research skills, tacit knowledge on particular innovations, and the scientific as well as the
applied expertise developed in the course of research. Generally, this form of knowledge is embodied by researchers who underwent formal training both during their
education and their research at universities, public laboratories, or private research institutions and firms. In that regard, it is the provision of skilled graduates, as well as
the enhancement of problem-solving capacities, which constitutes the complementary
output category of human resources.
The performance of scientific research and of industrial product development and
commercialization necessarily requires educated and skilled researchers suited for the
needs of the innovation process. In that regard, basic research provides both the academic and the industrial research sector with skilled graduates, who acquired comprehensive scientific knowledge during their formal education and training. These graduate students were exposed to various sources of knowledge, analytical techniques and
further means of pursuing research. Thus, they developed specific skills required for
further research, in science as well as in industry. In addition, scientists develop and
enhance specific problem-solving capacities when doing research, which often prove
to be of high value for subsequent applied research ventures. That is, human resources
developed both generally through education and training, and more specifically in the
course of research constitute a further significant complementary knowledge output in
the process of innovation.
• Research opportunities
Another complementarity common to the various outputs of knowledge is the provision of research opportunities. While research itself often leads to the generation of
new knowledge, it also often provides opportunities to conduct further research, which
increases the scope of innovation activity. Thus, the provision of research opportunities is common to the outputs of new knowledge and information, new scientific instrumentation and methodologies, new instrumentation and measurement techniques,
networks for knowledge diffusion, enhancement of problem-solving capacities, prototypes for new products and processes, data and research material, unresolved problems
and open research challenges, and the mobilization of additional funding.
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New research opportunities arise through the generation of knowledge itself, which is
used for further research ventures, through the development of research devices, such
as instrumentation and measurement techniques, through the provision of platforms
fostering interaction with other researchers, and through additional research funding.
Thereby, the output of new knowledge and information from basic research often entails new and increased opportunities to conduct further research, as scientific findings
not only open up new fields of research, but also complement existing ones. Furthermore, new scientific instrumentation and methodologies provide enhanced opportunities for scientific investigation and analysis, as well as for industrial product innovation
and development, which increases the innovative capacities of both academics and industrial researchers. Likewise, new instrumentation and measurement techniques developed in applied research also allow increased research opportunities in both basic
research and applied research. Similarly, networks for knowledge diffusion also entail
improved research opportunities by providing means of communication and exchange
between researchers from science and from industrial research. Thus, open research
questions, new research findings and research agendas can be discussed, communicated and jointly elaborated. Likewise, the enhancement of problem-solving capacities
in the course of basic research provides scientists with valuable skills to be used when
tackling basic as well as applied research problems. In addition, prototypes for new
products and processes developed in the course of basic research often lead to subsequent research to process and improve these further. Likewise, the provision of data
and research material through applied research, as well as the existence of unresolved
problems and open research challenges offers significant opportunities to pursue new
research ventures. Finally, the mobilization of additional funding further enhances research opportunities. To sum up, the direct impact of these knowledge outputs on the
innovative capacity of science and industrial research through the provision of new
research opportunities is the key feature of these outputs. In that regard, these outputs
do not only imply the provision of new knowledge per se, but also have the potential
to generate additional knowledge.
• Applied outputs
A further complementary feature common to certain knowledge outputs is their orientation towards application. While knowledge arising from basic research is seldom of
immediate commercial value, some outputs of knowledge yet exhibit an obvious potential for commercial application. This is a feature common to the output of new firms
as start-ups and spin-offs from universities, as well as of prototypes for new products
and processes.
The application-orientation of knowledge goes beyond the mere generation of knowl47
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edge for its own sake, but extends to its potential application to commercially valuable
means. In that regard, new firms founded as start-ups and spin-offs from universities
extend beyond the mere generation of the underlying basic research invention. They
aim at commercializing this invention on behalf of the academic inventor, who establishes a new firm based on the application of his invention. Likewise, prototypes for
new products and processes often stem from basic research ventures, which were not
directed towards commercially valuable objectives initially, but rather towards purely
scientific goals. However, upon their invention and subsequent use, potential commercial applications might arise, which qualify these prototypes for further development
and refinement aimed at generating commercial products, processes and technologies.
The common feature of these knowledge outputs is their inherent commercial orientation, which goes beyond the mere generation of knowledge, and extends to its potential
application.

2.5 Conclusion
The innovation process is complex and heterogeneous, shaped to various extents by the actors involved, such as universities, firms, governments, and most importantly, by the actual
drivers of innovation - the scientists and industrial researchers themselves. The relative importance of the actors involved in the process of innovation triggers as many discussions
as the various channels through which knowledge flows between the different research areas and the particular nature of the knowledge transferred. This chapter focused on the two
main features of the innovation process that emerge from the literature. First, the innovation
process is characterized by a strict hierarchy between basic research and applied research.
While basic research initially generates the knowledge base by developing new ideas, theories and prototypes without immediate commercial value per se, applied research subsequently commercializes these outputs by developing new products and processes. Thus, the
commercialization of basic research through applied research usually takes place with significant delays and often with the active involvement of the academic inventor. Second, the
innovation process is characterized by the existence of two-way spillovers between basic
research and applied research. While new scientific findings and breakthroughs in the form
of new ideas, theories and prototypes, often foster subsequent applied research, the inverse
case of applied research giving rise to new fields of science is of equal importance at least.
These knowledge spillovers happen through a variety of channels and outputs, which differ
to some extent, but also display significant complementarities. Taking the latter into account,
the channels of knowledge transfer can be summarized as human resources, contractual re-

search, codified knowledge and entrepreneurial channels, while the outputs of knowledge
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can be unified as codified knowledge, human resources, research opportunities and applied
outputs.
These findings might be of significant importance to theoretical and empirical research on
the innovation process. Growth models, for instance, should take the hierarchy and interdependence of basic research and applied research into account when modeling the innovation
process and its implications for long-run growth, while empirical analyses should keep the
complementarities associated with the various channels and outputs of knowledge in mind.
The present findings shed some more light on the process of innovation and might foster further research on innovation and technology transfer. These insights could also be of practical
relevance for policy makers as well as for the various stakeholders involved in the innovation
process, such as universities, firms, and public or private research institutes. On the basis
of the findings described above, national and international innovation policies and strategies
could be designed in such a way that they take this hierarchy and these two-way spillovers
into account as well as the associated complementarities between the knowledge transfer
channels and outputs.
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“It is likely that the bulk of the economic benefits of university research come from inventions in the private sector that build upon the scientific and engineering base created by university research, rather than from commercial inventions generated directly by universities.”
[Henderson et al. (1998), p. 126]

3.1 Introduction1
In this chapter, we develop an endogenous growth model that incorporates the two key characteristics of innovation processes described in the previous chapter: (i) the hierarchy between basic research and applied research, and (ii) the two-way spillovers between both
research areas. We analyze a closed economy with a final and an intermediate goods sector,
a basic research and an applied research sector, a continuum of infinitely lived households,
and a government. Technological progress is the result of a hierarchical innovation process:
basic research is financed by the government and extends the knowledge base of the economy, whereas applied research is carried out by private firms that transform basic research
knowledge into blueprints for new intermediate goods. In addition, two-way spillovers between basic research and applied research reinforce the productivity in each research sector.
In this setup, the government can influence growth and welfare of the economy by choosing
the size of the basic research sector and by granting subsidies to researchers. Both of these
government activities are financed by taxes on labor income.
Our model stands in the tradition of the expanding-variety framework of growth through
horizontal innovations initiated by Romer (1990).2 The crucial features of our model are
the hierarchy in the innovation process and the two-way spillovers between basic research
and applied research as described above. While Romer and others effectively assumed an
exogenous, non-exhaustible pool of knowledge available that can be exploited by applied
researchers to invent blueprints for new intermediate goods, we endogenize this knowledge
pool as the output of a basic research sector. In other words, we assume that the productivity
of applied research is constrained by the “knowledge frontier” of the economy which, in
turn, can only be pushed outwards by basic research. In particular, growth is about to cease
in the long-run unless the knowledge base of the economy is permanently expanded by basic
research3 .
We establish the existence of balanced growth paths. Along such paths the stock of ideas and
1

This chapter is joint work with Hans Gersbach and Gerhard Sorger. An earlier version has been published
as Gersbach et al. (2010c).
2
See Gancia and Zilibotti (2005) for a recent review of the development, extensions, and applications of
the expanding-variety framework.
3
Table 5.1 in the Appendix contains some examples of basic research developing the knowledge base for
subsequent applied research and commercial applications
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the stock of commercialized blueprints for intermediate goods grow with the same rate. Basic
research is a necessary and sufficient condition for economic growth. We show that there can
be two different facets of growth in the economy. First, growth may be entirely shaped by
investments in basic research if applied research operates at the knowledge frontier. Second,
long-run growth may be shaped by both basic research and applied research and growth can
be further stimulated by research subsidies. We illustrate different types of growth processes
by examples and polar cases when only upward or downward spillovers are present. In the
former case, a higher share of labor employed in basic research translates into higher growth
rates and applied research operates at the knowledge frontier. In the latter case, growth is
declining if basic research exceeds a certain threshold and ceases entirely if basic research is
increased further as undertaking applied research becomes unprofitable.
So far, several authors have examined the impact of publicly-funded basic research in a
dynamic setup. Among the first were Shell’s (1966, 1967) contributions, which highlight
the necessity of allocating some resources to basic research. Thereby, Shell’s concept of
technical knowledge, which he treats as a public good financed solely by means of output
taxes, corresponds closely to our notion of basic research. Similarly, Grossman and Helpman (1991) address the positive impact on growth of basic research financed by means of
income taxes vis-à-vis the negative effect caused by resource use and tax distortions. Furthermore, Arnold (1997) analyzes the impact of varying amounts of publicly-funded basic
research on applied research and thus on growth, both with and without endogenous human
capital. In order to evaluate the impact of various research policies, Morales (2004) considers an endogenous growth model of vertical innovation incorporating both basic research and
applied research performed by both private firms and the government. Assuming basic research to be not patentable, Cozzi and Galli (2009) investigate the implications of monetary
and non-monetary incentive schemes faced by public basic researchers on the usefulness of
their research for industrial purposes.
Our model is complementary to the ones developed in this literature. We study a hierarchy of
basic research and applied research that generate two stocks of knowledge: one with publicly
available knowledge and one with commercialized and patented blueprints for intermediate
products. Furthermore, innovation is viewed as an interdependent process reflected by twoway spillovers between both research areas as e.g. described in Park (1998).
This chapter is organized as follows. In the following section we present support for the
economic significance of basic research and applied research, as well as for the financing
and performance schemes of both research types. Section 3.3 sets up the formal model. In
Section 3.4 we define and characterize the competitive equilibrium corresponding to a fixed
policy scheme of the government. We identify the determinants of economic growth. In
Section 3.5 we focus on the polar cases of upward and downward spillovers between basic
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research and applied research. Section 3.6 provides a numerical example of our model that
replicates the innovation and growth pattern of the US economy. Section 3.7 concludes. All
proofs are collected in the appendix.

3.2 Empirical motivation
Apart from the hierarchy between basic research and applied research in the innovation process, and the two-way spillovers between the two research areas, which we have described in
the previous chapter, we motivate our analysis by several observations on the economic importance of basic research and applied research, as well as on the financing and performance
schemes of both research types.
Basic research and applied research expenditures constitute significant shares of GDP in
most industrialized and industrializing countries. As Table 3.1 shows, in 2006 the average
ratio of total R&D expenditures to GDP in a sample of countries with comparable data
was 2.01 percent with the lowest ratio in Argentina (0.50) and the highest in Israel (4.65).
Moreover, the average R&D expenditure to GDP ratio increased from 1.77 percent in 2000
to 2.01 percent in 2006. On average, basic research expenditures made up 23.07 percent of
total R&D expenditures in 2006 with the lowest share in China (5.19) and the highest in the
Slovak Republic (45.10). The average share of basic research expenditures in total R&D
expenditures increased from 20.17 percent in 2000 to 23.07 percent in 2006.
While basic research is mainly financed through public funds, applied research is funded
and performed mainly by the private sector as illustrated by Table 3.2. This table shows
the sources of funding for basic research and applied research in 2006 broken down into
government and higher education institutions, whose research is mainly financed by public
funds4, business enterprises, as well as private non-profit institutions. Table 3.2 shows that on
average 73.76 percent of basic research expenditures were financed and carried out by government and higher education institutions, while business enterprises and private non-profit
institutions accounted for 22.36 and 3.89 percent, respectively. Almost the exact opposite
pattern holds for the financing scheme of applied research. While government and higher
education institutions on average financed and performed 24.64 percent of applied research,
business enterprises and private non-profit institutions accounted for 73.73 and 1.63 percent,
respectively.
4

It should be noted here that in some countries income from patenting and licensing of university inventions
became an additional source of financing for universities (see, for example, Colyvas et al., 2002, for the case
of the US, particularly after the passage of the Bayh-Dole Act in 1980).
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Table 3.1: R&D Expenditures (Source: OECD, Main Science and Technology Indicators )
Gross Domestic Expenditures on R&D as
a Percentage of GDP

Basic Research Expenditures as a Percentage of Total R&D
Expenditures

Applied Research Expenditures as a Percentage of Total R&D
Expendituresa

2000

2006

2000

2006

2000

2006

Argentina

0.44

0.50

27.75

28.07

72.25

71.93

Australia

1.51

1.78b

25.81

23.17b

74.19

76.83b

China

0.90

1.42

5.22

5.19

94.78

94.81

Czech Republic

1.21

1.54

23.33

29.32

76.67

70.68

b

76.40

76.25b

France

2.15

2.11

23.60

23.75

Hungary

0.78

1.00

27.19

32.96b

72.81

67.04b

Ireland

1.12

1.32

—

23.85

—

76.15

Israel

4.45

4.65

16.99

16.14

83.01

83.86

87.62

88.02b

Japan

3.04

3.39

12.38

11.98

Korea

2.39

3.23

12.61

15.15

b

87.39

84.85

b

74.95

74.65b

Portugal

0.76

0.83

25.05

25.35

Singapore

1.88

2.31

11.75

18.83b

88.25

81.17b

Slovak Republic

0.65

0.49

25.61

45.10b

74.39

54.90b

Switzerland

2.53

2.90b

27.96

28.70b

72.04

71.30b

United States

2.74

2.62

17.17c

18.52

82.83c

81.48

Average

1.77

2.01

20.17

23.07

79.83

76.93

a

The OECD categorizes R&D into “basic research”, “applied research”, “experimental development” and
“not elsewhere classified”. We summarize the last three items under “applied research” as particularly the
OECD’s definition of “experimental development”(see, e.g., OECD, 2002) corresponds closely to our definition
of applied research.
b
Data from 2004
c
Data from 2001

3.3 Model formulation
We consider a continuous-time model of an economy that lasts from t = 0 to t = +∞. The
economy has one production sector for a final consumption good and one production sector
in which a range of differentiated intermediate goods are produced. In addition, there exist
two R&D sectors. Basic research, which is funded exclusively by the government, generates
ideas, theories, and prototypes and thereby extends the economy’s knowledge base. Applied
research, on the other hand, is carried out by private researchers who commercialize the
output of basic research by transforming it into blueprints for new intermediate goods. These
blueprints are protected by everlasting patents so that the intermediate goods sector operates
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Table 3.2: Financing Shares of Basic and Applied Research by Sector in 2006 (Source:
OECD, Main Science and Technology Indicators )
Basic Research Financing Shares (% of
Total Basic Research Expenditures)

Applied Research Financing Shares (%
of Total Applied Research Expenditures)a

Government Business
and Higher Enterprise
Education

Private
Non-Profit

Government Business
and Higher Enterprise
Education

Private
Non-Profit

Argentina

94.61

2.60

2.81

56.42

41.26

2.32

Australia

83.75b

9.94b

6.31b

30.42b

67.46b

2.12b

China

91.28

8.72

0.00

25.51

74.49

0.00

Czech Republic

77.68

22.19

0.15

15.06

84.43

0.52

France

83.11c

14.38c

2.51c

21.55c

77.57c

0.89c

Hungary

95.54c

4.46c

0.00c

39.59c

60.41c

0.00c

Ireland

63.64

36.36

0.00

23.55

76.44

0.00

Israel

70.48

Japan

56.98

Korea

38.42

23.95
c

40.12
60.76

c

14.30

9.18

5.58
c

2.90

c

16.88

0.82
c

18.77

87.59
c

18.49
c

44.28

81.40

3.22
c

80.20
c

46.65

1.72c
1.30

c

9.06c

Portugal

66.94

Singapore

61.49c

38.51c

0.00c

26.66c

73.34c

0.00c

Slovak Republic

84.73c

15.27c

0.00c

19.69c

80.14c

0.17c

Switzerland

64.09b

29.52b

6.38b

7.82b

91.54b

0.64b

United States

73.65

14.26

12.09

14.45

83.09

2.46

Average

73.76

22.36

3.89

24.64

73.73

1.63

a

As in Table 3.1 we summarize the OECD’s notions of “applied research”, “experimental development”
and “not elsewhere classified” under our notion of “applied research”.
b
Data from 2004
c
Data from 2005

under monopolistic competition. In order to simplify the exposition, we shall henceforth
refer to the output of basic research and applied research as ideas and blueprints, respectively.

3.3.1 Households
The economy is populated by a continuum of measure L > 0 of identical infinitely-lived
households. There is no population growth, that is, L is a constant. The representative
household derives utility from consumption according to the utility functional
Z

+∞

e−ρt ln[c(t)]dt,
0
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where c(t) denotes per-capita consumption in period t. The parameter ρ > 0 is the common
time-preference rate of the households. Each household is endowed with one unit of homogeneous labor per unit of time, which can be used for applied research, for basic research,
in intermediate goods production, or in final good production. Since households are utility
maximizers, they choose at each instant t that form of employment that yields the highest
remuneration taking into account taxes and subsidies. We refer to this remuneration as the
net real wage and denote it by w̄(t).
Households can use their income for consumption or for saving. They can save by holding
shares in dividend paying firms. Due to no-arbitrage conditions, all these assets have the
same real rate of return (dividends plus capital gains), which we denote by r(t). If we define
a(t) as the real wealth owned by the representative household at time t, we obtain the flow
budget constraint5
ȧ(t) + c(t) = a(t)r(t) + w̄(t).

(3.2)

The representative household maximizes its utility given in (3.1) subject to the flow budget
constraint (3.2) and the no Ponzi-game condition
lim a(t)e−

Rt
0

r(s)ds

t→+∞

≥ 0.

(3.3)

A necessary and sufficient condition for an optimal consumption path is that (3.3) holds as
an equality (transversality condition) and that the Euler equation
ċ(t)/c(t) = r(t) − ρ

(3.4)

is satisfied.

3.3.2 Final output
A single homogeneous final good is produced from labor and differentiated intermediate
goods. The set of intermediate goods available at time t is the interval [0,A(t)]. The production function for final output is
Y (t) = LY (t)

1−α

5

Z

A(t)

xi (t)α di,

(3.5)

0

Here and in what follows, a dot above a variable denotes the derivative of that variable with respect to
time, e.g., ȧ(t) ≡ da(t)/dt.
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where Y (t), LY (t), and xi (t) denote the rate of final output in period t and the corresponding
input rates of labor and intermediate good i, respectively. The number α ∈ (0,1) is an
exogenously given technological parameter.
Firms in the final good sector take the measure of available intermediate goods, A(t), the
real wage, w(t), and the prices of intermediate goods, pi (t), as given and maximize their
profit rates.6 The necessary and sufficient first-order conditions for this profit maximization
problem are
w(t) = (1 − α)Y (t)/LY (t)

(3.6)

pi (t) = α[LY (t)/xi (t)]1−α .

(3.7)

and

3.3.3 Intermediate goods
All intermediate goods are produced by the same linear technology using labor as its only
input. We assume that one unit of labor is required to produce one unit of intermediate good.
The rights for the production of intermediate good i are protected by a permanent patent.
The firm holding that patent is therefore a monopolist and maximizes its profit rate subject
to the technological constraint and the inverse demand function given in (3.7). Formally, in
every period t, firm i chooses xi (t) ≥ 0 so as to maximize
pi (t)xi (t) − w(t)xi (t) = αLY (t)1−α xi (t)α − w(t)xi (t).

(3.8)

The necessary and sufficient first-order condition for profit maximization yields

1/(1−α)
xi (t) = x(t) := α2 /w(t)
LY (t)

(3.9)

pi (t) = p(t) := w(t)/α.

(3.10)

and

All intermediate goods are sold for the same price which involves a constant markup on
production costs.
Substituting (3.9) into (3.8) one finds that firm i’s profit rate is given by

1/(1−α)
π(t) = (1 − α) α(1+α) /w(t)α
LY (t).

(3.11)

6
Note the difference between the real wage w(t) and the net real wage w̄(t). The latter differs from the
former because of taxes as will be explained in Subsection 3.3.7.
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The present value as of time t of the profit flow for firm i over the interval [t, + ∞) is
V (t) =

Z

+∞

e−

Rs
t

r(s′ )ds′

π(s)ds.

(3.12)

t

V (t) is the value of any intermediate goods producing firm or, equivalently, its share price at
time t. Finally, we note that the total amount of labor used for the production of intermediate
goods is given by
LX (t) =

Z

A(t)
0


1/(1−α)
xi (t)di = x(t)A(t) = α2 /w(t)
A(t)LY (t).

(3.13)

3.3.4 Basic research
We assume that new intermediate goods are developed in a two-step procedure. In the first
step, basic research generates ideas and thereby extends the economy’s knowledge base,
whereas in a second step these ideas are turned into blueprints for new intermediate goods
through applied research. We assume that every idea can be turned into a blueprint for a single intermediate good. Thus, there is a one-to-one relationship between ideas and potential
blueprints.7 In this subsection we formulate the model for basic research, that is, we describe how new ideas are generated and how thereby the knowledge frontier of the economy
evolves.
Let us denote by B(t) the measure of ideas that have been generated through basic research
by time t. We assume that the productivity of the basic researchers at time t depends in the
form of an external effect both on the previous output from basic research, B(t), and on the
measure of blueprints, A(t). More specifically, we assume that this productivity is a linear
homogeneous function of these two variables.8 For simplicity, we assume a Cobb-Douglas
specification γB B(t)1−µB A(t)µB with γB > 0 and µB ∈ (0,1) being exogenously given
parameters. Denoting by LB (t) the total amount of labor devoted to basic research at time t,
it follows that
Ḃ(t) = γB B(t)1−µB A(t)µB LB (t).

(3.14)

The presence of A(t) in the productivity function (3.14) and µB ∈ (0,1) imply positive
spillovers from applied to basic research. As noted above, conducting applied research
allows for discovering unresolved research problems, disclosing potentially new areas of
7

A more elaborate model would allow a more complicated relationship between basic research and applied
research. For example, one could assume that several different ideas need to be combined in order to get one
blueprint, or that one can use the same idea for several blueprints.
8
Linear homogeneity implies a strong scale effect and allows the policy parameters LB (t) and σ(t) (introduced below) to have growth effects.
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science, and applying new instrumentation and methodologies which, in turn, impacts positively on the productivity of basic researchers. The greater is µB the stronger are these
spillovers.
According to our formulation, basic research is undirected. That is, a basic researcher tries
to invent some new idea, but not a specific one. This means that the relevant input for basic
research is the total labor force devoted to it, LB (t).

3.3.5 Applied research
Applied researchers commercialize the ideas that have been generated through basic research
by transforming them into blueprints for new varieties of intermediate goods. In contrast to
basic research, this is a directed research activity in the sense that every applied researcher
focuses on a single idea that has not yet been transformed into a blueprint. We shall denote
by LA (t) the total amount of labor used for applied research at time t.
To formalize applied research we have to distinguish two cases9 . First, suppose that A(t) <
B(t) holds at time t. Since there is a set of measure B(t)−A(t) of non-commercialized ideas
available at time t, it follows that LA (t)/[B(t) − A(t)] applied researchers work on any one
of them, provided that research effort is evenly distributed across all non-commercialized
ideas.10 Let zj (t)∆ be the probability that one such idea j ∈ (A(t),B(t)] is turned into a
blueprint during the time interval [t,t + ∆), where ∆ > 0 is assumed to be small. Using a
modeling approach analogous to that from the previous subsection, it follows that
zj (t) = γA A(t)1−µA B(t)µA

LA (t)
,
B(t) − A(t)

where γA > 0 and µA ∈ (0,1) are exogenously given parameters. The total rate at which new
blueprints are created at time t, Ȧ(t), can be computed as the integral of zj (t) with respect
to j ∈ (A(t),B(t)]. This yields
Ȧ(t) = γA A(t)1−µA B(t)µA LA (t).
Second, suppose that A(t) = B(t) at time t. In that case it follows that the rate at which
blueprints are invented cannot exceed the rate at which new ideas are generated. Using the
9

These cases correspond closely to the findings of Adams (1990) and Crespi and Geuna (2008) on the
presence of significant time-lags regarding the impact of scientific knowledge on industrial productivity, which
could be interpreted in two ways: Either the commercialization of basic research ideas through applied research
takes time so that there is always a non-empty set of non-commercialized ideas available at time t, or it takes
time to entirely develop new ideas in basic research, which are then ready for instantaneous commercialization.
10
The assumption of symmetry is made for convenience and could be justified by coordination among
applied researchers to focus on all non-commercialized ideas with the same research intensity.
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expression for Ȧ(t) from above, this implies that
n
o
Ȧ(t) = min γA A(t)1−µA B(t)µA LA (t),Ḃ(t) .
Substituting for Ḃ(t) from (3.14) and using A(t) = B(t) (which we have presently assumed
to hold), it follows that
Ȧ(t) = min {γA LA (t),γB LB (t)} A(t).
This reflects the fact that, in the case where no non-commercialized ideas are available, basic
research and applied research are perfectly complementary inputs for the creation of new
blueprints.
We can therefore summarize the discussion of the present subsection by the formula

Ȧ(t) =





γA A(t)1−µA B(t)µA LA (t)


 min {γ L (t),γ L (t)} A(t)
A A
B B

if A(t) < B(t),

(3.15)

if A(t) = B(t).

Whereas basic research was assumed to be a government-funded activity, applied research
is conducted by private individuals provided that they face appropriate incentives. These
incentives derive from the fact that blueprints can be sold to potential intermediate goods
producers, who are willing to pay for a blueprint any amount up to the present value of all
profits generated through the infinite life of the patent on the right to produce their particular
intermediate good. The price at which a new patent can be sold at time t is therefore given
by V (t) as defined in equation (3.12). The probability to earn this price for any given applied
researcher in the time interval [t,t + ∆) is approximately equal to Ȧ(t)∆/LA (t). Combining
this with equation (3.15) we see that the expected rate of return to one unit of time spent at
instant t on applied research is equal to

wA (t) =





γA A(t)1−µA B(t)µA V (t)


 min {γ ,γ [L (t)/L (t)]} A(t)V (t)
A B
B
A

if A(t) < B(t),

(3.16)

if A(t) = B(t).

3.3.6 Government
The government uses two policy instruments expressed by two time paths. First, it employs
LB (t) researchers at time t in basic research. Second, research activities are subsidized at
the rate σ(t). We denote the corresponding policy scheme by P = {LB (t),σ(t)}.
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Employing LB (t) units of labor in the basic research sector causes a net cost of w̄(t)LB (t) to
the government, where w̄(t) is the net real wage introduced in Subsection 3.3.1. This number already takes into account labor tax received from and research subsidies paid to basic
researchers. The research subsidies paid to applied researchers amount to σ(t)wA (t)LA (t).
The sum of these two numbers is total government expenditure which is financed through the
taxation of labor income at the rate τ (t).11 We assume that the government is required to have
a balanced budget at all times, which implies that the tax rate τ (t) is uniquely determined by
the budget constraint
w̄(t)LB (t) + σ(t)wA (t)LA (t) = τ (t)wA (t)LA (t) + τ (t)w(t)[LX (t) + LY (t)].

(3.17)

The policy scheme P is feasible if LB (t) ∈ [0,L), σ(t) ≥ 0, and τ (t) ∈ [0,1) hold for all t.

3.3.7 Market clearing
Having described the behavior of all agents in the economy, let us now turn to market clearing. Market clearing on intermediate goods markets has already been taken into account by
substituting the inverse demand functions into the profit maximization problems of intermediate goods producers. This leaves us with the markets for labor, assets, and final output.12
The labor market clearing condition is
LA (t) + LB (t) + LX (t) + LY (t) = L.

(3.18)

Moreover, there is also a no-arbitrage condition regarding the different possible uses of labor:
all those uses that are actually applied must earn the same net real wage w̄(t). Since percapita consumption must be positive for all t in every equilibrium, the same must be true for
output. This, in turn, implies that both LX (t) and LY (t) must be strictly positive at all times.
The no-arbitrage condition is therefore
w̄(t) = [1 − τ (t)]w(t) ≥ [1 − τ (t) + σ(t)]wA (t) with equality if LA (t) > 0.

(3.19)

Asset market clearing requires that aggregate wealth of the household sector at time t is equal
to the total value of all intermediate goods producing firms, i.e.,
a(t) = A(t)V (t)/L
11
12

As labor supply is inelastic, this is equivalent to imposing a lump-sum tax.
According to Walras’ law, one of the market clearing conditions is redundant.
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with V (t) given in (3.12). The market for final output is in equilibrium if
c(t) = Y (t)/L,

(3.21)

because the only demand for final output is the consumption demand of the households.

3.4 Equilibrium
We are now ready to define an equilibrium of the model. For that purpose and for the remainder of this chapter we assume that the initial values for blueprints and ideas, A0 and B0 ,
respectively, are given and satisfy 0 < A0 ≤ B0 .
Definition 1

An equilibrium associated with the initial values A0 and B0 and the policy scheme P =
{LB (t),σ(t)} is a set of time paths E = {Y (t), x(t), A(t), B(t), LA (t), LX (t), LY (t), c(t),
r(t), w̄(t), w(t), wA (t), a(t), π(t), V (t), τ (t)} such that
(i) the optimality and market clearing conditions (3.2), (3.4)-(3.6), (3.9), (3.11)-(3.21) hold
for all t;
(ii) the boundary conditions A(0) = A0 , B(0) = B0 are satisfied and (3.3) holds as an
equality;
(iii) consumption is strictly positive at all times, i.e., c(t) > 0 for all t;
(iv) the tax rate is feasible, i.e., 0 ≤ τ (t) < 1 holds for all t.
The reason why we include the requirement that consumption is strictly positive at all times
is that we want to rule out the trivial equilibrium in which neither final output nor any intermediate goods are produced and, hence, consumption, profits, income, and wealth are zero
at all times. Note that the condition c(t) > 0 implies immediately that Y (t) > 0 (because of
(3.21)), which in turn implies A(t) > 0, x(t) > 0, and LY (t) > 0 (because of (3.5)). Hence,
also w(t) > 0, LX (t) > 0, π(t) > 0, and V (t) > 0 must hold in equilibrium (because of
equations (3.6), (3.13), (3.11), and (3.12), respectively).
A similar argument can be made for our assumption that equilibrium requires the tax rate τ (t)
to be strictly less than 1. Allowing τ (t) to become equal to 1 opens the door for some trivial
and uninteresting equilibria. Ruling out these equilibria by assumption therefore greatly
simplifies the presentation of the more substantial findings of our study.
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3.4.1 The role of basic research
By assumption, basic research is a necessary condition for long-run growth in our model. As
a matter of fact, the assumption that every idea can be turned into a single blueprint only,
that is, A(t) ≤ B(t), implies that, whenever the government stops basic research forever,
both B(t) and A(t) must remain bounded forever. This, however, means that technological
progress dies out and long-run growth of output cannot be sustained.
A more interesting finding is described in the following lemma which deals with the converse of the above observation. More specifically, if government-financed basic research is
bounded away from 0, private research will lead to an unbounded set of blueprints as long as
the government’s basic research activities do not asymptotically crowd out the entire labor
force employed in production.
Lemma 1

Suppose that there exists ε > 0 and T ≥ 0 such that ε ≤ LB (t) ≤ L − ε for all t ≥ T . Then
it holds in every equilibrium that limt→+∞ A(t) = +∞.
The intuition for this result is that positive basic research efforts of the government imply an
ever growing number of ideas, B(t), which affects wA (t) positively due to spillovers from
basic to applied research. This provides strong incentives for private agents to engage in
applied research and the set of blueprints must therefore also grow indefinitely.
More specifically, it is easy to see that the first assumption of the lemma, namely that the
measure of government-financed basic research is bounded away from zero, implies that the
knowledge pool of the economy, B(t), must become infinitely large. With an ever increasing
amount of ideas B(t), however, the positive effect of spillovers from basic research on the
efficiency of applied researchers, which is reflected by the assumption µA > 0, has at least
one of the following consequences according to equation (3.16): Either applied research has
to follow or catch up to the knowledge frontier and both basic research and applied research
grow without bounds, or A(t) remains bounded while either the gross rate of return to applied
research, wA (t), has to become arbitrarily large or the share price V (t) has to approach zero.
In the first case we are done, because it follows that A(t) and B(t) grow without bounds
and approach infinity together. In the second case, where A(t) is assumed to be bounded,
wA (t) becomes arbitrarily large due to an ever growing number of ideas B(t). However,
unbounded growth of the remuneration of any form of labor requires unbounded growth
of final output which is only possible if the set of blueprints and thus of new intermediate
goods grows indefinitely. Hence, it follows, that A(t) also needs to be unbounded, which is
a contradiction. The remaining case of A(t) assumed to be bounded and V (t) approaching
zero can be shown to occur only if final output and, hence, also the labor inputs LX (t) and
LY (t) approach zero. Together with (3.18) and the second assumption of the lemma, namely
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that basic research employment LB (t) is bounded away from L, this would imply that LA (t)
remains bounded away from zero, which, again, leads to unbounded growth of A(t), which
is again a contradiction.

3.4.2 Balanced growth paths
In this subsection, we focus on time-invariant policy schemes P = {LB ,σ}, where both
LB ∈ [0,L) and σ ≥ 0 are constants. We examine the existence of balanced growth paths
(BGPs), that is, equilibria along which all endogenous variables grow at constant rates.
Along a BGP equilibrium the labor shares LA (t), LX (t), LY (t) as well as the tax rate τ (t)
must be constant over time. We will therefore omit the time argument from these functions. Analogously, along a BGP equilibrium, the growth rate of per-capita consumption
is constant. From the Euler equation (3.4) it follows therefore that the real interest rate is
also constant, and we can simply write r instead of r(t). Finally, we shall denote for any
strictly positive and differentiable function v by gv (t) its growth rate at time t defined by
gv (t) ≡ v̇(t)/v(t).
Lemma 2
Along every BGP equilibrium A(t) and B(t) must grow at the same rate, that is, the equation
gA (t) = gB (t) holds for all t ≥ 0.
The above result is a consequence of the existence of spillovers between the two research
sectors as reflected by the assumptions µA > 0 and µB > 0. Research activities in one sector
shape research activities in the other sector, and vice versa.
Let us henceforth denote the common growth rate of A(t) and B(t) by g. For the following
analysis it will be convenient to define the functions D(g), F (g,LB ,σ) and H(LB ,σ) by
D(g) ≡ (1 − α + α2 )ρ + g,
F (g,LB ,σ) ≡ α(1 − α)γA [D(g)(L − LB ) + (1 − α + α2 )(g + ρ)σL]/D(g)2 ,
H(LB ,σ) ≡ F (γB LB ,LB ,σ).
In the appendix we summarize technical properties of these functions which will help to
characterize BGPs.
From the properties of F (g,LB ,σ) and H(LB ,σ) stated in Lemma 5 in the appendix the
following results are obvious. First, whenever LB ∈ [0,L) and σ ∈ [0, + ∞), then there
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exists a unique number ḡ > 0 such that13
F (ḡ,LB ,σ) = [ḡ/(γB LB )]µA /µB .

(3.22)

Second, the equation H(LB ,σ) = 1 has a unique solution on the interval LB ∈ [0,L) if and
only if H(0,σ) ≥ 1 > H(L,σ). In that case let us denote this solution by L̃B . We define



0




L̄B =
L̃B





 L

if H(0,σ) < 1,
if H(0,σ) ≥ 1 > H(L,σ),
if H(L,σ) ≥ 1.

We are now ready to state the main result of this section. It presents both a necessary and a
sufficient condition for a BGP equilibrium with growth rate g to exist.
Theorem 1
(a) If g is the common growth rate of the variables A(t) and B(t) in a BGP equilibrium

corresponding to the constant policy scheme P = {LB ,σ}, then it follows that

g=



 γB LB



and
A(t)/B(t) =





if LB ≤ L̄B ,

(3.23)

if LB > L̄B ,

ḡ

if 0 < LB ≤ L̄B ,

1


 [ḡ/(γ L )]1/µB < 1
B B

(3.24)

if LB > L̄B .

Moreover, final output and consumption grow at the common rate gY = gc = (1 − α)g and
the interest rate is given by r = (1 − α)g + ρ.
(b) Suppose that g satisfies (3.23) and that
D(g)(L − LB ) > α(1 − α)gσL.

(3.25)

Then there exists a BGP equilibrium corresponding to the policy scheme P = {LB ,σ} along
which the variables A(t) and B(t) grow at the rate g .
13

This is obvious because the left-hand side of (3.22) is strictly positive and decreases continuously as ḡ
moves from 0 to +∞, whereas the right-hand side increases continuously from 0 to +∞.
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3.4.3 Discussion
In this subsection we provide a detailed discussion of Theorem 1.
The impact of LB
Part (a) of the theorem states conditions which the economic growth rate g and the ratio
between blueprints and ideas A(t)/B(t) must necessarily satisfy in equilibrium. These conditions (3.23)-(3.24) depend crucially on the threshold level L̄B ∈ [0,L].
Let us first consider the case in which the measure of basic researchers LB employed by the
government does not exceed L̄B . In this situation we can see that applied researchers instantaneously commercialize any available basic research idea by turning it into a commercial
blueprint. This is reflected by the result that A(t)/B(t) = 1 holds permanently. The reason
is that, in this case, too little basic research is performed to permanently push the knowledge
frontier of the economy ahead of applied research and, hence, applied researchers can completely exhaust the pool of available ideas. According to (3.23), this implies that the overall
growth rate g is only determined by the size of the publicly-funded basic research sector, LB ,
as well as by the productivity in the basic research sector, γB . Both of these variables have
a strictly positive impact. In other words, in case of LB ≤ L̄B , basic research is the sole
engine of long-run growth.
As mentioned above, in the case where LB ≤ L̄B , applied research always operates at
the knowledge frontier. This implies in particular that applied research and, hence, overall
economic growth has to cease unless positive basic research efforts permanently increase the
knowledge pool of the economy. This also explains why research subsidies σ do not have
any effect on the growth rate g whenever LB ≤ L̄B .14 As applied research already operates
at the knowledge frontier, granting subsidies in order to stimulate further applied research
would be ineffective.
In contrast, if LB exceeds the threshold value L̄B , basic research pushes the knowledge
frontier fast enough such that, at each instant in time, a pool of non-commercialized ideas is
available that has not yet been turned into blueprints through applied research. According to
(3.24), the ratio of blueprints to ideas, A(t)/B(t), is then strictly smaller than 1 showing that
the available pool of non-commercialized ideas is never exhausted. In fact, the measure of
non-commercialized ideas grows without bounds. The growth rate g = ḡ is given by (3.22)
and can be shown to lie between γA LA and γB LB . Thus, in the case of LB > L̄B , long-run
growth is shaped by both basic research and applied research together.
14

Note, however, that the threshold level L̄B itself depends on the size of σ.
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The intuitive reason for this result is that, while applied research stimulates growth by commercializing basic research, the potential of generating growth is upward bounded by the
rate at which new ideas are created, i.e., by how fast the knowledge frontier of the economy
is pushed ahead through basic research and how this impacts on the speed of commercialization.
We would like to emphasize that, while g is strictly increasing with respect to LB ∈ [0,L̄B ],
the relation between g = ḡ and LB can become more complicated for LB > L̄B . This is
shown by the following example.
E XAMPLE: Suppose that
(1 − α + α2 )ρ
.
σ = 0 and L >
α(1 − α)γA

(3.26)

Simple algebra shows that these assumptions imply
L̄B =

α(1 − α)γA L − (1 − α + α2 )ρ
> 0.
α(1 − α)γA + γB

(3.27)

Now assume in addition that µA = µB . In that case we can solve equation (3.22) to obtain
(1 − α + α2 )ρ
ḡ = −
+
2

r

(1 − α + α2 )2 ρ2
+ γA γB α(1 − α)LB (L − LB ).
4

Combining this result with (3.23) we see that the equilibrium growth rate increases linearly with LB on the interval [0,L̄B ], whereas it is described by a unimodal function of
LB on the interval [L̄B ,L). It follows in particular that g is decreasing with respect to LB
on [max{L̄B ,L/2},L), whereas it is increasing on [L̄B ,L/2] provided this interval is nonempty. The latter case illustrates that the growth rate may depend positively on the public
basic research input LB even if the pool of non-commercialized ideas remains permanently
non-empty.

The example illustrates that an increase of LB has two opposite effects on applied research.
First, the associated increase of B(t) triggered by a high amount of basic research affects
applied research positively through knowledge spillovers. Second, an increase of LB also
has a negative influence on applied research because it ties up labor that otherwise could
be used for other purposes. As long as the positive spillover effect dominates, an increase
of LB induces higher growth, and both gB and gA are increasing with respect to LB . As
soon as LB exceeds a critical value, however, the negative effect of reducing labor supply for
applied research and production dominates and gA becomes decreasing with respect to LB .
Any decline of gA is associated with a corresponding decrease of gB as spillovers to basic
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research diminish. That is, an increase of basic research is not only detrimental to overall
growth, but also to the generation of new ideas.15

The impact of research subsidies
We have already noted that research subsidies have no impact on growth for LB ≤ L̄B because in that situation applied research operates at the knowledge frontier. For LB > L̄B ,
however, equations (3.22) and (3.23) imply that the level of research subsidies, σ, has a
strictly positive impact on growth. The reason is quite obvious as increasing the research
subsidies lowers the relative cost of performing applied research and thus induces more labor to be employed in applied research. Furthermore, the threshold value L̄B itself is an
increasing function of the research subsidy σ. The reason is that granting higher research
subsidies increases the incentives to work in the applied research sector, thereby shifting
the labor supply towards the applied research sector, and consequently accelerates growth
of A(t). Therefore, for any given growth rate of B(t), a higher research subsidy makes it
more likely that applied research catches up to the knowledge frontier of the economy and
the long-run ratio between blueprints and ideas, A(t)/B(t), increases. In other words, with
a higher subsidization of research, the speed of commercialization of ideas accelerates and
the knowledge frontier more likely becomes a binding constraint for applied research.

Feasibility and boundary conditions
Condition (3.25) in part (b) of Theorem 1 ensures that the BGP equilibrium is feasible in the
sense that it fulfills the requirement τ ∈ [0,1); see part (iv) of Definition 1. It is obvious that
τ will be equal to zero if and only if both LB = 0 and σ = 0, because the only expenditures
of the government are its outlays on basic research and subsidies. On the other hand, it is
possible that the employment of a large number of basic researchers and/or the payment of
high research subsidies would require the government to set τ ≥ 1, which is not feasible. To
rule out this possibility, (3.25) imposes a joint restriction on the policy parameters LB and σ
that ensures that both government activities can be financed by a labor tax at rate τ < 1.
We finally note that the threshold value L̄B itself could be equal to 0. In such circumstances
all positive levels of basic research input lead to a situation where the measure of blueprints
is strictly smaller than the measure of ideas (A(t) < B(t)). Whether L̄B = 0 or not depends
on whether H(0,σ) ≤ 1 or not. From the definition of H(LB ,σ) we can see in particular that
15

This trade-off between the productivity-enhancement versus labor-withdrawing effect of an increasing
amount of basic on applied research has also been found by Arnold (1997). However, in his setup, no hierarchy
exists between the two types of research, and basic only impacts on applied research, but not vice versa. We
thank an anonymous referee for making this point.
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L̄B = 0 holds if and only if

α(1 − α)γA L(1 + σ)
≤ 1.
(1 − α + α2 )ρ

(3.28)

3.5 One-directional spillovers
So far we have assumed that spillovers are present both from basic to applied research and

vice versa. Formally, this is reflected by the assumptions µA > 0 and µB > 0, which we
have explicitly used in the proofs of Lemmas 1 and 2 and implicitly in the proof of Theorem
1. In this section we discuss the two special cases in which non-negligible spillovers occur
only in one of these directions, that is, we analyze what happens in the limits when either µA
or µB approaches 0.
To this end note that none of the functions D(g), F (g,LB ,σ), and H(LB ,σ) depends on the
parameters µA and µB . This implies in particular that the threshold value L̄B is independent of these parameters. However, as is clear from equation (3.22), the relative size of the
spillover parameters µA and µB is a crucial determinant of ḡ.

3.5.1 Only upward spillovers
Let us start with the case where µA > 0 is fixed and µB approaches 0. In this limit, the effect
of the measure of blueprints on the productivity of basic researchers becomes negligible,
whereas the measure of existing ideas has a strictly positive influence on the productivity
of applied researchers. Hence, there is upward spillover from basic to applied research, but
only negligible downward spillover from applied to basic research. As µB converges to 0,
the right-hand side of equation (3.22) approaches 0 whenever ḡ < γB LB and it approaches
+∞ if ḡ > γB LB . This proves immediately that ḡ, the unique solution of equation (3.22),
converges to the value γB LB as µB approaches 0. Using this result together with condition
(3.23) we can conclude that in the case where µB ≈ 0, the equilibrium growth rate satisfies
g ≈ γB LB for all settings of LB and σ. We formally state this finding as the first result in
the following lemma.
Lemma 3

In the limit, when µB approaches zero, the equilibrium growth rate is given by g = γB LB .
Furthermore, it holds that

lim A(t)/B(t) =

µB →0





1


 H(L ,σ)1/µA < 1
B
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This implies that, in the absence of significant downward spillovers from applied to basic
research, long-run growth of the economy only depends on the amount of basic research
conducted by the government, LB , as well as on the productivity parameter γB . In particular, it follows that the research subsidy σ has no growth effect when only upward spillovers
are present. In the case where LB ≤ L̄B , this finding is obvious and just repeats what we
have already established for the model with two-way spillovers in section 3.4: if applied
research operates at the knowledge frontier, overall growth is restricted by the size and productivity of the basic research sector and cannot be further increased by research subsidies.
Surprisingly, however, the same result holds here also when LB > L̄B , in which case the set
of non-commercialized ideas is never exhausted. To understand why, first note that (3.14)
and µB arbitrarily small together imply that the evolution of the knowledge frontier depends
solely on the current location of this frontier, on the productivity parameter γB , and on the
amount of labor employed in basic research: the growth rate is gB = γB LB . By subsidizing
researchers at a higher rate σ, the government can make the gap between the set of commercialized blueprints and basic research ideas smaller, but, since the measure of blueprints
does not feed back onto the productivity of basic researchers, this leaves the growth rate gB
unaffected. Thus, in the case of one-directional upward spillovers, long-run growth can only
be stimulated through basic research.

3.5.2 Only downward spillovers
We now turn to the case of negligible upward spillovers, i.e., the case where µB > 0 is given
and µA approaches 0. In this limiting case the right-hand side of equation (3.22) converges
to 1 whenever ḡ > 0. This implies that in the limit it must hold that

ḡ =



 ḡ¯

 0

if F (0,LB ,σ) > 1,

(3.29)

if F (0,LB ,σ) ≤ 1,

where ḡ¯ is uniquely determined by the condition F (g,LB ,σ) = 1. Combining this result with
¯ is defined by
(3.23) we obtain the following lemma in which L̄
B
2
¯ = (1 + σ)L − (1 − α + α )ρ .
L̄
B
α(1 − α)γA

Lemma 4
¯ ≤ 0 holds if and only if L̄ = 0. Moreover, whenever L̄ > 0 then it
(a) The condition L̄
B
B
B
¯
follows that L̄B < L̄B .
(b) Suppose that µB > 0 is fixed. In the limit as µA approaches 0, the equilibrium growth
70

Chapter 3: Hierarchical Growth

rate is given by




γB LB



g=
ḡ¯





 0

if LB ≤ L̄B ,
¯ ,
if L̄B < LB ≤ L̄
B
¯ .
if LB > L̄
B

Lemma 4 indicates that there are three different facets of growth. First, if the actual amount
of basic researchers LB does not exceed the threshold L̄B , basic research alone shapes longrun growth. In this facet the research subsidy σ has no growth effects, because applied
research already operates at the knowledge frontier. Second, if LB exceeds the threshold L̄B ,
¯ , then growth is shaped both by basic research and applied research.
but remains beneath L̄
B

From the definition of ḡ¯ one can see that ḡ¯ is increasing with respect to σ and decreasing
with respect to LB . It follows therefore from Lemma 4 that the growth rate g is maximal if
LB = L̄B . Any expansion of the basic research sector beyond the threshold value L̄B would
¯ ] growth decreases until it is
be detrimental to growth. That is, along the interval [L̄B ,L̄
B
¯
¯ the equilibrium
about to cease entirely in case L approaches L̄ . Third, if L exceeds L̄
B

B

B

B

growth rate is equal to zero. These results are further illustrated by the following example.
E XAMPLE: As in the previous example assume that (3.26) holds. In addition to (3.27), this
implies that
2
¯ = L − (1 − α + α )ρ > L̄ ,
L̄
B
B
α(1 − α)γA
ḡ¯ = α(1 − α)γA (L − LB ) − (1 − α + α2 )ρ.

Using these expressions in Lemma 4 one sees that the equilibrium growth rate g in the case
of negligible upward spillovers is a continuous and piecewise linear function of LB that
¯ ], and is constant and equal to 0 on
increases on the interval [0,L̄B ], decreases on [L̄B ,L̄
B
¯
[L̄ ,L).

B

3.5.3 Summary
The results for one-directional spillovers discussed above provide valuable information about
the hierarchy and interdependence of basic research and applied research and about their
joint effect on growth. More specifically, we have seen that in the absence of significant
downward spillovers from applied to basic research more publicly-funded basic research
always translates into faster growth. On the other hand, in the absence of significant upward
spillovers from basic to applied research, growth depends positively on the public basic
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research input only as long as applied researchers find it optimal to completely exhaust the
available knowledge base of the economy at each point in time. The general case covered by
Theorem 1 can be considered as a mixture of the two special cases discussed in the present
section.

3.6 An illustration
3.6.1 Replication of the US growth pattern
In this section we provide an illustrative example of above model. We replicate the US
innovation pattern and growth rate.

Parameter Choices
For this purpose, we consider the following parameter values. For the elasticity of final
output with respect to intermediate goods, α, we assume that new intermediates enter final
goods production as new varieties of capital goods. To obtain a plausible value for α within
our endogenous growth framework, we borrow from the existing empirical growth literature,
where the share of capital in final goods production has been subject to various empirical
estimates of the neoclassical growth model. Thereby, the quantitative extent of α crucially
depends on the underlying concept of capital that is taken into account. More specifically, the
conventional share of physical capital is α = 1/3 (see, for example, Jones, 2002), which may
even be as low as 0.1 for an open economy (Barro et al., 1995). However, when assuming
that the underlying concept of capital also includes human capital, the conventional capital
share appears too narrow and one should rather focus on a broader concept of capital (see,
for example, Barro and Sala-i-Martin, 1992, and Mankiw et al., 1992). Thus, assuming that
human capital is embodied entirely in new varieties of intermediate capital goods would
imply a value of up to α = 0.8 (Barro and Sala-i-Martin, 1992). As this last case appears to
correspond closest to our model, we set α = 0.8. Furthermore, we follow Barro et al. (1995)
and set the time-preference rate to ρ = 0.02. Finally, we set L = 1.
Data on basic research and applied research employment are usually harder to obtain. According to National Science Board (2008), scientists and engineers made up about 4.2 percent of the total US workforce in 2006, while figures from 2003 suggest that out of these
about 59 percent were employed by industry, while the remaining 41 percent were mainly
affiliated with government and university institutions. This suggests that LB = 0.017.
Furthermore, with regard to the research subsidy σ we follow Impullitti (2010), who cal-
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culates R&D subsidies, which constitute the reduction in unit R&D costs when taking into
account R&D tax credits and depreciation allowances on R&D investment, based on Bloom
et al. (2002). For the US, he finds that the corresponding R&D subsidy increased from 13
percent in 1979 to 30 percent in 1990, where it remained for the following years. Thus, we
set σ = 0.3.
With regard to the intensity of the spillover parameter µA , we borrow from Jaffe (1989), who
estimates the impact of university research on corporate patenting and found the respective
elasticity to be about 0.6. Hence, we set µA = 0.6. Data on the determinants of scientific
knowledge production and hence on the elasticity µB are usually harder to find. Crespi and
Geuna (2008) employ a knowledge production function approach similar to Griliches (1979)
and Jaffe (1989), which relates scientific knowledge production in the form of publications
and citations to, among others, the current stock of knowledge, which itself is determined by
accumulated R&D expenditures. The implied elasticity of scientific knowledge production
with regard to accumulated higher-education R&D expenditures, which we proxy as the
existing stock of basic research ideas B(t), is found to be 0.418 for publications and 0.468
for citations in the most sophisticated specification of their model. As publications per year
relate closest to our measure of the flow of new basic research ideas, Ḃ(t), in (3.14), we set
1 − µB = 0.4, which would imply µB = 0.6 16 . Finally, we arbitrarily set the initial amount
of basic research ideas, B(0), equal to 10, and calibrate our research productivity parameters
γA and γB such as to match our calculations with the observed annual long-run growth rate
of the US.

Calculations
Choosing γA = 0.3 and γB = 10, our calculations yield g = 0.09. According to Theorem 1
this implies that the growth rate of per capita GDP is gY = g(1−α) = 0.018. This is equal to
the average long-run growth rate of per capita GDP in the US per year which has been found
to be about 1.8 percent (see for example, Jones, 2002, or Barro and Sala-i-Martin, 2004).
Furthermore, the share of applied researchers in the total labor force is LA = 0.168. While
the growth rate corresponds exactly to the average annual, long-run US growth rate stated
above, the share of applied research employment LA at first glance appears quite high as
compared to the suggested value of LA = 0.025 by the data of the National Science Board
(2008). However, the official data about research employment are significantly downwardbiased as they merely focus on scientists and engineers and also require those to have a
college degree, whereby a considerable amount of researchers is not captured by these data
(Jones, 2002). In that regard, a share of applied research equal to LA = 0.168 yet appears
16

We obtain similar qualitative patterns if we vary µB between 0.4 and 0.8.
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quite high, but not implausible. Our calculations also suggest that applied research in the
US innovation and growth system operates well below the knowledge frontier as implied
by A(t)/B(t) = 0.364. Therefore, growth is shaped by both basic research and applied
research. While the research productivity parameters γA and γB as well as the spillover parameter µA have a positive impact on the long-run growth rate g, µB has a negative influence.
This negative impact of µB on growth stems from the fact that the associated increase in the
impact of blueprints, A, on the generation of new ideas, Ḃ, inversely triggers a decreasing
influence of the current stock of ideas, B, due to the corresponding decline of (1 − µB ) according to (3.14). As B > A under the prevailing growth regime, the associated increase
of the positive impact of the stock of blueprints on the creation of new ideas is exceeded by
the decrease in the influence of the stock of ideas. Thus, the generation of new ideas and,
hence, growth declines. Furthermore, growth can be stimulated through granting research
subsidies σ due to the associated increase in applied research employment. Finally, we note
that employing LB = 0.017 basic researchers, while granting research subsidies σ = 0.3
corresponds to a feasible policy scheme in the sense that condition (3.25) of Theorem 1 is
fulfilled.
With regard to the time necessary to turn ideas into blueprints, our calculations suggest together with (3.24) that the average time-lag between the origin of a new idea in basic research
and its commercialization through applied research is about 11 years17 , which appears reasonable, given the associated estimates of Mansfield (1991, 1995, 1998) and Adams (1990),
which range between 6 and 20 years.

3.6.2 Policy changes
It is useful to evaluate how policy changes would impact on growth, research employment
and the distance of applied research to the knowledge frontier in the calculated economy. In
particular, suppose we vary LB ∈ (0,0.2] and σ ∈ [0,0.5] separately in the above system,
leaving all other parameters unchanged.
Figure 3.1 shows the impact of variations in the amount of basic research LB while holding
fixed all other parameters of the model. As the upper graph shows, across the entire parameter range LB ∈ (0,0.2] employing additional basic researchers impacts positively on growth.
Depending on the distance of applied research to the knowledge frontier of the economy,
we have two separate growth regimes. First, for LB ≤ L̄B , the economy operates at the
knowledge frontier with A(t) = B(t). The growth rate g increases linearly with the amount
of basic research LB . The reason is that here the pool of non-commercialized ideas is always
17

As A(t) < B(t), the time needed for the commercialization of an existing stock of basic research knowlA0
.
edge is given implicitly by A(t2 ) = A0 egt2 = B(t1 ) = B0 egt1 , which yields t2 − t1 = ln B0 −ln
g
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Figure 3.1: The impact of basic research LB
instantaneously exhausted. Hence, a higher rate of commercialization and thus higher growth
inevitably requires additional basic research to increase the rate at which new ideas are generated. However, a continuous increase of basic research eventually results in LB exceeding
the threshold amount L̄B . As soon as LB achieves the threshold value L̄B , however, further increases of basic research trigger an increasing distance to the knowledge frontier. For
LB > L̄B , basic research continues to have a positive, albeit diminishing effect on long-run
growth. Furthermore, the amount of applied research LA first increases with basic research
LB as the associated increase in the speed of creating new ideas also increases incentives for
conducting applied research via spillovers. This increase of LA reverses, however, as soon
as increasing levels of basic research withdraw too much labor from other activities making
it less attractive to do applied research. We note that the ratio of blueprints to ideas, A/B,
converges to zero in case LB would converge to 1.
Figure 3.2 shows the effect of varying the research subsidy σ while holding all other model
parameters fixed. Along the full parameter range σ ∈ [0,0.5] applied research operates
below the knowledge frontier. That is, research subsidies have a strictly positive impact
on growth as the commercialization of ideas is accelerating. Furthermore, applied research
employment LA is also strictly increasing as the relative costs of conducting applied research
are declining. A higher speed of commercialization and the fact that the threshold value L̄B
itself is an increasing function of σ make it more likely that applied research eventually
catches up to the knowledge frontier. Thus the ratio of blueprints to ideas also increases with
σ. From a sufficiently high value of σ onwards, applied research will have caught up with the
knowledge frontier, that is A/B = 1, and granting further research subsidies will no longer
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Figure 3.2: The impact of research subsidies σ
impact on growth.

3.6.3 Productivity changes
Finally, we analyze how changes in the underlying research productivity parameters γA and
γB impact on our calculated economy. In that regard, we vary γA ∈ (0,4] and γB ∈ (0,20].
Figure 3.3 shows how variations in the exogenous applied research productivity parameter
γA impact on growth, applied research employment and the distance of applied research
to the knowledge frontier, while holding all other model parameters fixed. For relatively
low values of γA , applied research operates below the knowledge frontier of the economy.
Here, further increases of γA would trigger an increasing speed of commercialization of basic
research ideas and the growth rate would increase. As soon as applied research catches up to
the knowledge frontier, however, the commercialization of ideas becomes upward-bounded
by basic research and additional increases of γA would have no more impacts on growth.
Correspondingly, employment in the applied research sector would first increase with γA due
to higher expected earnings when commercializing ideas. As soon as the commercialization
of ideas takes place fast enough for applied to catch up with basic research, LA would also
become invariant in γA . Furthermore, the ratio of blueprints to ideas, A/B, would first
increase with γA and finally become 1.
Figure 3.4 shows the impact of varying the exogenous basic research productivity parameter
γB , while holding all other model parameters fixed. As the upper graph shows, γB has a
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Figure 3.3: The impact of applied research productivity γA

0.2
0.15
0.1

L

A

g

0.05
0

0

2

4

6

8

10
γ

12

14

16

18

20

B

1
A/B
0.8
0.6
0.4
0.2

0

2

4

6

8

10
γ

12

14

16

18

20

B

Figure 3.4: The impact of basic research productivity γB
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strictly positive impact on growth. A higher γB also exerts a positive, but decreasing impact
on applied research employment, LA , as higher productivity of basic research, which leads
to a faster growing number of ideas, also increases incentives to engage in applied research.
Furthermore, as the threshold value L̄B is a function of γB , a further continuous increase
of γB at some stage induces basic research to be productive enough such that the number
of ideas will evolve faster than the number of blueprints, and applied research falls short of
basic research. That is, for sufficiently high γB , applied research would no longer operate at
the knowledge frontier of the economy inducing the ratio of blueprints to ideas, A/B, to fall
below 1.

3.7 Conclusion
We have developed a model that combines the hierarchy of basic research and applied research as well as their interdependence with an expanding variety growth framework. Numerous issues deserve further scrutiny. In particular, a normative analysis of our model
could be used to develop guidelines for policies regarding the amount of basic research and
research subsidies.
In the following chapter, we will continue our analysis by suggesting a method to simulate
above model numerically. We will investigate how budget-neutral changes in the subsidization of applied research and a simultaneous variation of public basic research investments
impact on the economy.
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4.1 Introduction
In this chapter, we suggest a method to simulate the endogenous growth model, which we developed in chapter 3. Based on data provided by the Swiss Federal Statistical Office (SFSO),
we simulate the model to determine the impact of budget-neutral variations of applied research subsidies on the innovation and growth pattern of the economy. Our results suggest
that a reduction of the subsidization of applied research and a budget-neutral reallocation of
resources to basic research increase the long-run growth rate of the economy, while the tax
rate necessary to finance public research outlays is not affected. Furthermore, variations of
the subsidization of applied research do not only imply changes in research employment,
but also trigger adjustments in the employment patterns of the production sector. Finally,
a reduction of research subsidies decreases the time necessary to commercialize new basic
research findings through applied research.
This chapter is organized as follows. Section 4.2 describes the data and derives the key
variables used as benchmarks for the ensuing simulations. The system of equations to be
simulated, the simulation procedure we apply and the results of our simulations are described
in section 4.3. A discussion of the results is the subject of section 4.4. Section 4.5 concludes.

4.2 Data and variables
All R&D data for Switzerland are from SFSO. They are available for the year 2008, as well
as in part for the years 1996, 2000 and 2004 (Bundesamt für Statistik, 2010a).

4.2.1 Definition of R&D
According to the SFSO, R&D consists of “Grundlagenforschung” (basic research, BR),
“Angewandte Forschung” (applied research, AR) and “Experimentelle Entwicklung” (experimental development, ED). Thereby, BR consists in experimental and theoretical work,
which primarily aims at acquiring new knowledge, without being targeted at a particular
application or use. AR also aims at acquiring new knowledge, but is primarily directed at
a specific, practical aims or a certain objective, while ED is systematical research building
on existing scientific knowledge and practical experience, and is aimed at acquiring new or
significantly improved materials, products, processes, systems or services (Bundesamt für
Statistik, 2010a, Box 2, p. 15). Thus, with regard to our theoretical model, BR corresponds
to the variable LB while AR together with ED correspond to the variable LA .
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4.2.2 Research institutions
With regard to the financing and performance of R&D, SFSO distinguishes between “Privatwirtschaft” (private sector, PS), “Bund” (government, GT), “Hochschulen” (universities,
UN) and “Private Organisationen ohne Erwerbszweck (POoE) und andere” (private, noncommercial organizations, NC).

4.2.3 R&D expenditures
According to SFSO, R&D expenditures are differentiated as “F+E Personalaufwendungen”
(R&D personnel expenses), “andere laufende Aufwendungen für F+E” (other current R&D
expenses) and “F+E-Investitionen” (R&D investments). Thereby, R&D personnel expenses
encompass wages, salaries, as well as all corresponding R&D personnel costs and ancillary services. Other current R&D expenses involve all other R&D expenses, which neither
constitute personnel expenses nor R&D investments (excluding depreciation), such as, for
example, cost of materials, expenses for office supplies or electricity. Furthermore, R&D
investments are expenses for the acquisition of buildings, installations, heavy equipment or
software which are used for R&D activities (Bundesamt für Statistik, 2010a, Box 1, p. 13).

4.2.4 R&D personnel
SFSO divides R&D personnel according to “Forscher/innen” (researchers), “Technisches
F+E Personal” (technical R&D personnel) and “Übriges F+E Personal” (further R&D personnel). In order to relate the data to our model and to apply them accordingly, it is recommendable to scale R&D expenditures of a certain type by the associated R&D personnel.
In that regard, we consider all types of R&D personnel together as a mere restriction onto
“researchers” appears to narrow. Hence, figures as, for example, (BR expenditures/BR personnel) correspond to the effective R&D expenditures or reimbursements per unit BR. Thus,
these include R&D personnel expenses, as well as other current R&D expenses and R&D
investments, as outlined in subsection 4.2.3. Furthermore, the amount of R&D personnel is
disclosed both in number of persons and in full-time equivalents, whereby we use figures in
full-time equivalents for the following calculations and simulations.
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4.2.5 Derivation of variables
Basic research personnel, LB
The Swiss government and universities devoted 3,125 million CHF to BR in 2008, which
corresponded to approximately 71.6 percent of total BR expenditures (Bundesamt für Statistik, 2010a, Table G8, p. 17). In addition, 22,234 persons have been employed by government
and universities as R&D personnel1 (Bundesamt für Statistik, 2010a, Table 6, p. 19). In order to calculate the share of R&D personnel that was engaged with BR at these institutions,
it seems sensible to assign the number of researchers according to the research portfolio of
government and universities which also carry out AR and ED apart from BR, whereby we
implicitly assume a constant R&D intensity of R&D personnel with regard to BR, AR and
ED. That is,

LB = 22,234 ∗

3,125 Mio. CHF
BRGT,U N
= 22,234 ∗
= 17,114. (4.1)
GT,U
N
(BR + AR + ED)
4,060 Mio. CHF

Per unit costs of basic research, cBR
In relation with the entire expenditures of government and universities for BR amounting to
3,125 million CHF, the effective expenditures per unit of LB thus correspond to
cBR =

3,125 Mio. CHF
BRGT,U N
=
= 182,599.04 CHF.
LB
17,114

(4.2)

Applied research personnel, LA
In 2008, expenditures of the private sector for AR and ED corresponded to a total of 10,945
million CHF or about 91.7 percent of the entire AR and ED expenditures (Bundesamt für
Statistik, 2010a, Table G8, p. 17). Furthermore, the private sector employed 39,832 persons as R&D personnel (Bundesamt für Statistik, 2010a, Table 6, p. 19). According to the
research portfolio of the private sector

LA = 39,832 ∗

(AR + ED)P S
10,945 Mio. CHF
= 39,832 ∗
= 36,391
P
S
(BR + AR + ED)
11,980 Mio. CHF

persons were engaged in AR and ED.
1

All figures regarding R&F personnel are denoted in full-time equivalents.
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Per unit costs of applied research, cAR
Of the entire expenditures of the private sector for AR and ED amounting to 10,945 million
CHF,
cAR =

10,945 Mio. CHF
(AR + ED)P S
=
= 300,761.18 CHF
LA
36,391

(4.4)

were effectively devoted to each unit of LA .
Government expenditures, G
In 2008, the entire R&D expenditures of government and universities amounted to G =
4,060 million CHF (Bundesamt für Statistik, 2010a, Table G8, p. 17).
Calculation of the effective subsidy rate, σ
The effective subsidy rate σ can be calculated as the ratio of expenditures for AR and ED on
behalf of government and universities, and private sector AR and ED expenditures as follows

σ=

(AR + ED)GT,U N
935 Mio. CHF
=
= 0.085.
P
S
(AR + ED)
10,945 Mio. CHF

(4.5)

This proceeding corresponds to the theoretical model in chapter 3, insofar as public entities
are assumed to merely conduct BR. Thus, all public AR and ED expenditures on behalf of
government and universities are implicitly treated as subsidies for AR and ED expenditures
of the private sector.

4.3 The impact of varying subsidies on innovation and growth
Given the data described above, we now suggest a simulation method based on the model of
chapter 3 to analyze the impact of budget-neutral variations of the research subsidy rate σ on
the innovation and growth pattern of our economy.

4.3.1 System of equations
Our numerical analysis is based on the following system of equations. First, we use the
government’s budget equation. The government uses its resources G both to finance basic
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research, w̄LB , and to grant subsidies on applied research, σwA LA . That is, we have
G = w̄LB + σwA LA .

(4.6)

Furthermore, the long-run growth rate of the economy is determined according to
g = [(γA LA )µB (γB LB )µA ]1/(µA +µB ) .

(4.7)

Consequently, the long-run growth rate of output can be calculated as
gY = (1 − α)g.

(4.8)

Moreover, we know from the no-arbitrage condition on the labor market that
wA =

w(1 − τ )
.
1−τ +σ

(4.9)

The tax rate to be levied on labor income, which is necessary to finance G, follows from
τ=

[(1 − α + α2 )ρ + g]LB /L + α(1 − α)gσ
.
(1 − α + α2 )ρ + g

(4.10)

With regard to the employment pattern of the economy, applied research employment follows
from
LA =

α(1 − α)g{[(1 − α + α2 )ρ + g](L − LB ) + (1 − α + α2 )(g + ρ)σL}
,
[(1 − α + α2 )ρ + g]2

(4.11)

while employment in the intermediate goods sector is given by
LX =

α2 (g + ρ){[(1 − α + α2 )ρ + g](L − LB ) − α(1 − α)gσL}
.
[(1 − α + α2 )ρ + g]2

(4.12)

The amount of workers in the final output sector is determined by
LY =

(1 − α)(g + ρ){[(1 − α + α2 )ρ + g](L − LB ) − α(1 − α)gσL}
.
[(1 − α + α2 )ρ + g]2

(4.13)

The time-lag between the invention of new ideas through basic research and their subsequent
commercialization through applied research is calculated by
t2 − t1 =

ln B0 − ln A0
.
g
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Finally, wages in the production sector follow from
w̄
.
1−τ

w=

(4.15)

Given γA , γB and A0 /B0 , which we intend to calibrate, as well as the fixed values α, ρ,
µA , µB , L, LB , w̄ and σ, equations (4.6) to (4.15) are a system of 10 equations in the 10
unknowns {G,g,gY ,wA ,τ,LA ,LX ,LY ,t2 − t1 ,w}.

4.3.2 Simulation procedure
Our analysis follows a two-step procedure.

Step 1:
As a first step, we set up three different base scenarios for three different assumptions regarding the initial time-lag between the invention and commercialization of new basic research
ideas through applied research. We then calibrate our model to approximate this time-lag, as
well as the long-run growth rate of the Swiss economy.
Given the set of exogenous parameters of the model, {α,ρ,µA ,µB ,L,LB ,w̄}, as well as our
policy variable σ, we calibrate the distance to the knowledge frontier, A0 /B0 , and both research productivity parameters γA and γB , respectively, to attain both the assumed underlying time-lag t2 − t1 and the actual long-run growth rate of output, gY , in Switzerland. The
further endogenous parameters {LA ,LX ,LY ,wA ,g,τ,w,G} adjust accordingly.
Table 4.1 presents both the exogenous, the endogenous and the policy parameters of our
model, as well as the parameters to be calibrated and the endogenous parameters to be
matched by our calibrations.
Table 4.1: Step 1 – Model Parameters
Exogenous parameters

Calibrated parameters

Policy parameter

Endogenous
ters

α

A0 /B0

σ = 0.085

t2 − t1

t2 − t1 = 6,11 or 20

ρ

γA

gY

gY = 0.019

µA

γB

LA

µB

LX

L

LY

LB

wA

w̄

g
τ
w
G
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Step 2
Upon having calibrated our model in step 1, we now include A0 /B0 , γA and γB in our set
of exogenous parameters. Furthermore, with regard to the wage rates, changes in σ will
merely trigger changes in the wage rates for basic researchers and applied researchers, w̄
and wA , respectively, while the wage rate in the production sector, w, is not affected. Thus,
upon having determined w endogenously in step 1, we now also include it in our set of
exogenous parameters. Furthermore, to focus our analysis on budget-neutral variations of σ,
we hold G fixed, and include it in our set of exogenous parameters as well. In contrast, w̄ and
LB will now be included in our set of endogenous parameters, which allows to analyze the
corresponding impact of changes of σ on these variables. Table 4.2 outlines the respective
sets of parameters of the second step of our simulations.
Table 4.2: Step 2 – Model Parameters
Exogenous parameters

Calibrated parameters

Policy parameter

Endogenous parameters

α

σ=0

t2 − t1

ρ

or

gY

µA

σ = 0.2

LA

µB

LX

L

LY

A0 /B0

wA

γA

g

γB

τ

w

LB

G

w̄

4.3.3 Base scenarios and simulation results
Before analyzing each of our three base scenarios individually, we first outline the general
model patterns associated with the Swiss innovation and growth system. With regard to
the exogenous parameters, we follow the theoretical model in chapter 3 and set α = 0.8,
ρ = 0.02, µA = 0.6 and µB = 0.6. Moreover, about L = 3,317,000 persons were employed in Switzerland in 2008, as expressed in full-time equivalents (Bundesamt für Statistik,
2010b). Out of these, LB = 17,114 basic researchers were employed by government and universities according to (4.1). Furthermore, we assume that the wage rate of basic researchers
w̄ corresponds to the per-unit costs of BR given by (4.2), i.e. w̄ = cBR = 182,599.04 CHF. In
other words, all expenditures for basic research are used for the wages of scientists2. The pol2

As a contrast, and in order to take the no-arbitrage condition for the labor market into account, we assume
that the per-unit costs of AR, cAR , in (4.4) also incorporate the costs associated with research material and
instrumentation, for instance, which will be reflected by the difference between cAR and wA in our results.
This difference will show up as a significant upward bias in the amount of applied researchers LA employed
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icy parameter σ = 0.085 is given by (4.5). As to the endogenous parameters to be matched
by our simulations, we distinguish our three base scenarios, following Mansfield (1998), the
theoretical model in chapter 3, and Adams (1990), and assume the time-lag t2 − t1 to be 6,
11 and 20 years, respectively. Furthermore, according to the SFSO, the growth rate of the
Swiss economy was gY = 0.018 in 2008, which is slightly above the average between 1990
and 2007 (Bundesamt für Statistik, 2009).
Base scenario 1 - a time-lag of 11 years
In our first base scenario, we follow our theoretical model and assume that the time-lag
between the invention and commercialization of new basic research ideas is about 11 years.
Thus, we scale A0 /B0 = 0.37, γA = 0.322/3,317,000 and γB = 34/3,317,000 and obtain
this time-lag and a long-run growth rate of output of gY = 0.018.3 While we set the initial
amount of basic researchers at LB = 17,114, the amount of applied research employment
turns out to be LA = 478,001. In the production sector, LX = 2,150,008 and LY = 671,877
workers are employed in intermediate and final goods production, respectively. The public
research budget for basic research outlays and the subsidization of applied research is G =
10,069.20 million CHF. To finance G, the government has to levy a tax rate of τ = 0.0166
on labor income. Apart from the remuneration of basic researchers, which we initially set at
w̄ = 182,599.04 CHF, wages for applied researchers are wA = 170,912.81 CHF, while the
wage rate in both final and intermediate goods production turns out to be w = 185,685.99
CHF. The initial values of this first base scenario can be found in the middle column of Table
4.3.
After having calibrated this base scenario, we proceed by analyzing the impact of a reduction of σ from 8.5 to 0 percent, while holding public research expenditures G, wages in
production, w, as well as the distance to the knowledge frontier, A0 /B0 , constant. The results can be found in the left column of Table 4.3. The amount of basic research employment
increases to LB = 55,144, while labor in applied research decreases to LA = 472,593. In
intermediate goods production, the amount of employment decreases to LX = 2,125,153,
while employment in the production of final goods decreases to LY = 664,110. Moreover,
the tax rate τ = 0.0166 to be imposed on labor income remains constant. Furthermore,
by private firms in our simulations, as compared to the data.
3
Note that the relatively small values for γA and γB stem from the fact that compared to the simulations
of the formal model for the US economy in chapter 3, the size of the labor force L is not normalized to unity.
In this model, the amount of labor devoted to applied research and basic research - both in absolute terms and
relative to the total workforce - is thus the same, which has significant implications for the determination of the
growth rate. In the current setting, we have to take into account that the relative size of the applied research
1
and basic research work force differs from the absolute size by the factor of L1 = 3,317,000
. Thus, we have
to account for this difference by adjusting the respective productivity parameters γA and γB accordingly, by
dividing through the total work force L = 3,317,000.
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given the constancy of wages in production, w, the reduction of σ triggers an increase in
the remuneration of applied researchers to wA = 185,685.99 CHF, while the wage rate for
basic researchers, w̄ = 182,599.04 CHF, remains constant. The long-run growth rate and,
therewith, the long-run growth rate of output increase to g = 0.1610 and gY = 0.0322,
respectively. Finally, the time-lag between the invention and commercialization of basic
through applied research reduces to t2 − t1 = 6.2 years. Exactly the opposite pattern holds
for an increase of σ from 8.5 to 20 percent, which is shown in the right column of Table 4.3.
With regard to the impact on the economy’s employment patterns, basic research and applied research decrease to LB = 962 and LA = 320,587, while employment in intermediate
and final goods production increases to LX = 2,282,248 and LY = 713,203, respectively.
The tax rate τ on labor income remains constant. Furthermore, only applied researchers’
wages decrease to wA = 154,303.56 CHF, while w and w̄ remain constant as well. Finally,
g and gY decrease to g = 0.0175 and gY = 0.0035, respectively, while the time-lag between
the invention and commercialization of new basic research ideas through applied research
increases to t2 − t1 = 56.8 years.
Table 4.3: Base Scenario 1 – Initial Average Time Lag of 11 Years
σ=0

σ = 0.085

σ = 0.2

A0 /B0 = 0.37

A0 /B0 = 0.37

A0 /B0 = 0.37

G = 10,069.20 million CHF

G = 10,069.20 million CHF

G = 10,069.20 million CHF

LB = 55,144

LB = 17,114

LB = 962

LA = 472,593

LA = 478,001

LA = 320,587

LX = 2,125,153

LX = 2,150,008

LX = 2,282,248

LY = 664,110
τ = 0.0166
w = 185,685.99 CHF

σ=0

←−−

LY = 671,877
τ = 0.0166
w = 185,685.99 CHF

σ=0.2

−−−→

LY = 713,203
τ = 0.0166
w = 185,685.99 CHF

w̄ = 182,599.04 CHF

w̄ = 182,599.04 CHF

w̄ = 182,599.04 CHF

wA = 185,685.99 CHF

wA = 170,912.81 CHF

wA = 154,303.56 CHF

g = 0.1610

g = 0.0902

g = 0.0175

gY = 0.0322

gY = 0.0180

gY = 0.0035

t2 − t1 = 6.2 years

t2 − t1 = 11.0 years

t2 − t1 = 56.8 years

Base scenario 2 - a time-lag of 6 years
In our second base scenario, we follow Mansfield (1998) and assume that the commercialization of new basic research ideas through applied research takes 6 years starting from
their invention. In that regard, we scale A0 /B0 = 0.58, γA = 0.322/3,317,000 and γB =
34/3,317,000 and obtain both our assumed time-lag and a long-run growth rate of output
of gY = 0.018. Except for A0 /B0 and t2 − t1 , the initial values of this second base scenario correspond exactly to the ones of the first base scenario and can be found in the middle
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column of Table 4.4. Furthermore, compared to our first base scenario, our results differ
only to the extent that t2 − t1 decreases from 6 to 3.4 years following a reduction of σ to 0
percent, while it rises to 31.1 years upon increasing σ to 20 percent. All other variables are
affected both quantitatively and qualitatively the same way as in the first base scenario when
performing budget-neutral variations in σ. The left and right columns of Table 4.4 show the
corresponding values of our variables.
Table 4.4: Base Scenario 2 – Initial Average Time Lag of 6 Years
σ=0

σ = 0.085

σ = 0.2

A0 /B0 = 0.58

A0 /B0 = 0.58

A0 /B0 = 0.58

G = 10,069.20 million CHF

G = 10,069.20 million CHF

G = 10,069.20 million CHF

LB = 55,144

LB = 17,114

LB = 962

LA = 472,593

LA = 478,001

LA = 320,587

LX = 2,125,153

LX = 2,150,008

LX = 2,282,248

LY = 664,110
τ = 0.0166

σ=0

←−−

LY = 671,877
τ = 0.0166

σ=0.2

−−−→

LY = 713,203
τ = 0.0166

w = 185,685.99 CHF

w = 185,685.99 CHF

w = 185,685.99 CHF

w̄ = 182,599.04 CHF

w̄ = 182,599.04 CHF

w̄ = 182,599.04 CHF

wA = 185,685.99 CHF

wA = 170,912.81 CHF

wA = 154,303.56 CHF

g = 0.1610

g = 0.0902

g = 0.0175

gY = 0.0322

gY = 0.0180

gY = 0.0035

t2 − t1 = 3.4 years

t2 − t1 = 6.0 years

t2 − t1 = 31.1 years

Base scenario 3 - a time-lag of 20 years
In our third base scenario, we follow Adams (1990) and assume a time-lag of 20 years. Thus,
we scale A0 /B0 = 0.164, γA = 0.322/3,317,000 and γB = 34/3,317,000 to attain this timelag and a long-run growth rate of output of gY = 0.018. Again, except for A0 /B0 and t2 − t1 ,
our initial parameter values exactly correspond to the ones derived in the first base scenario.
These values can be found in the middle column of Table 4.5. When analyzing the impact
of budget neutral variations of σ, the time-lag decreases to 11.2 years, following a reduction
of σ to 0 percent, while it rises to 103.2 years upon an increase of σ to 20 percent. The
corresponding changes in all other variables, again, are in accordance with the ones already
observed in our first base scenario. They can be found in the left and right column of Table
4.5, respectively.

4.4 Discussion
In this section, we provide a general discussion on the underlying patterns common to our
three base scenarios. As we have seen, apart from the distance to the knowledge frontier,
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Table 4.5: Base Scenario 3 – Initial Average Time Lag of 20 Years
σ=0

σ = 0.085

σ = 0.2

A0 /B0 = 0.164

A0 /B0 = 0.164

A0 /B0 = 0.164

G = 10,069.20 million CHF

G = 10,069.20 million CHF

G = 10,069.20 million CHF

LB = 55,144

LB = 17,114

LB = 962

LA = 472,593

LA = 478,001

LA = 320,587

LX = 2,125,153
LY = 664,110
τ = 0.0166
w = 185,685.99 CHF

LX = 2,150,008

σ=0

←−−

LY = 671,877
τ = 0.0166
w = 185,685.99 CHF

LX = 2,282,248

σ=0.2

−−−→

LY = 713,203
τ = 0.0166
w = 185,685.99 CHF

w̄ = 182,599.04 CHF

w̄ = 182,599.04 CHF

w̄ = 182,599.04 CHF

wA = 185,685.99 CHF

wA = 170,912.81 CHF

wA = 154,303.56 CHF

g = 0.1610

g = 0.0902

g = 0.0175

gY = 0.0322

gY = 0.0180

gY = 0.0035

t2 − t1 = 11.2 years

t2 − t1 = 20.0 years

t2 − t1 = 103.2 years

A0 /B0 , and the time-lag between the invention and commercialization of basic through applied research, t2 − t1 , all three base scenarios are characterized by both the same initial
parameter values and corresponding variations following changes in the applied research
subsidy rate σ.
Effects on basic research employment
The amount of basic research employment initially corresponds to LB = 17,114 according
to (4.1), and it is inversely related to the degree of applied research subsidization. Reducing
σ from 8.5 to 0 percent triggers a reallocation of public funds which were previously used
for applied research subsidies to the financing of basic research, so that a balanced, overall
public research budget G is maintained. As wages for basic researchers, w̄, are not affected
by changes in σ, this reallocation of public funds unambiguously triggers an increase in basic
research employment LB if σ is reduced and vice versa.
Effects on applied research employment
While LB accords to the amount given by the data, the number of applied researchers significantly deviates from the suggested value of LA = 36,391 in (4.3). This difference reflects
the necessary adjustment bias on LA under the assumption that the no-arbitrage condition on
the labor market holds. As per-unit costs for basic research and applied research significantly
differ in the data, as can be seen by the difference between (4.2) and (4.4), we assumed that
the per-unit costs for applied research also include non-wage costs such as costs of research
material and lab equipment, while per-unit costs for basic research would only reflect wage
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costs. Thus, the amount LA given by our simulations effectively includes applied research
inputs other than labor such as laboratory equipment or research instruments, for instance,
as well. Thus, this amount turns out to be higher than suggested by (4.3). Turning to budgetneutral variations of the subsidization of applied research, LA decreases following both a
reduction of σ to 0 percent and an increase to 30 percent. This is due to two contrary effects
on LA . First, LA is positively related to the extent of research subsidization, which we call the
subsidy effect. The higher the research subsidy rate σ, the higher the incentives to perform
applied research, and the higher LA - and vice versa. Second, LA is also affected positively
by the amount of basic research employment LB , through the existence of spillovers between
the two research areas. We will label this the spillover effect. These spillovers take place
indirectly through the impact of LB on the long-run growth rate g, which itself impacts on
LA . According to (4.7), an increase of LB works against a reduction of LA in the determination of g. Whether this increase of LB in the case of a synchronous reduction of LA
indeed yields an increase of g significantly depends on the spillover parameters µA and µB ,
as well as on the research productivity parameters γA and γB . Given the values we assumed
for µA and µB , as well as our calibrated parameters γA and γB , our simulations yield an
increase of g following a reduction of σ, a corresponding decrease of LA and an increase
of LB , respectively. This positive impact of LB on g thus cushions the decrease of LA , following a reduction of σ to 0 percent. Thus, in the case of a reduction of σ to 0 percent, the
subsidy effect dominates the spillover effect, and LA decreases. In contrast, if σ is increased
to 20 percent, the spillover effect dominates the subsidy effect, as the positive effect on LA
of increasing the subsidization of applied research is exceeded by the negative effect of a
declining basic research workforce LB on g, and thus on LA . Thus, LA decreases following
an increase of σ to 20 percent.
Employment effects in the production sector
The variations in the employment patterns of both research sectors consequently trigger corresponding adjustments in the amount of employment in intermediate and final goods production, LX and LY , respectively. Given the overall amount of labor L, these are necessary
to further maintain the no-arbitrage condition on the labor market, as well as constancy in
production wages w. Following a reduction of σ to 0 percent, both LX and LY are decreasing. In other words, despite a reduction of research subsidization, more labor is absorbed
by the research sector at the expense of employment in intermediate and final goods production. The opposite pattern holds for an increase of σ to 20 percent, which induces an overall
reduction of research employment and a corresponding increase of LX and LY .
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Effects on the tax rate
Budget-neutral variations of σ do not impact on the tax rate τ . The reason is that both the
overall amount of labor L to be taxed and public research expenditures G remain constant.
That is, although variations in σ affect the incentives to work in basic research, applied
research, intermediate or final good production - and thus impact on the overall employment
structure of the economy - the constancy of both L and G imply that the tax rate τ remains
constant.

Wage effects
In all three scenarios described above, wages in the production sector w and in basic research
w̄ remain constant, despite the variations in σ. Constancy of w follows from our assumption
that wages in the production sector are not affected by changes in σ, while w̄ remains constant
due to the constancy of w and τ . In contrast, wA increases with a reduction of σ to 0 percent
and decreases in response to an increase of σ to 20 percent. This is due to changes in the costs
of performing applied research, following variations of σ. In order to satisfy the no-arbitrage
condition on the labor market, all changes of wA following variations in σ take place such
in a way as to provide equal incentives for workers to chose employment in either basic or
applied research or production.

Growth effects
In all three scenarios, the growth rate g increases in response to a reduction of σ, while it
decreases following an increase of σ. As variations of σ trigger corresponding adjustments
in basic research employment LB , to maintain a constant public research budget, G, this
also entails changes of g. Generally, g is influenced positively by both basic research and
applied research. The extent of this influence depends on the spillover parameters µA and
µB , as well as on the research productivity parameters γA and γB . Given these spillover and
research productivity parameters, our simulations suggest that the decline of LA following
a reduction of σ to 0 percent is outweighed by the budget-neutral increase of LB so that g
increases. In contrast, an increase of σ to 20 percent impacts negatively on g, as both LB and
LA are decreasing.
Effects on the time-lag
The impact of variations of σ on the time-lag between the invention and the commercialization of new basic research ideas is a direct consequence of the effects of σ on g. As stated
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previously, a decrease of σ triggers an increase of g and vice versa. Thus, for a given distance
to the knowledge frontier A0 /B0 , the time necessary to commercialize new basic research
ideas through applied research decreases, following a reduction of σ to 0 percent, due to the
corresponding increase of g, while the reduction of g following an increase of σ to 20 percent
expands the time-lag.

4.5 Conclusion
We have suggested a method to simulate the endogenous growth model which we developed
in chapter 3, and applied this method on data of the Swiss innovation and growth system. Our
results provide strong indication for the complementary role of basic research and applied
research in the process of innovation within three alternative base scenarios. Furthermore,
our simulations imply that a reduction of applied research subsidization and a simultaneous
increase of publicly-funded basic research increase the long-run growth rate of our economy,
while the tax rate necessary to finance public research outlays remains constant. Changes in
applied research subsidization are found to impact on the overall employment structure of
the economy, that is they extend beyond the research sector, and also trigger adjustments in
employment in the intermediate and final goods production sectors. Finally, a reduction of
research subsidies decreases the time necessary to commercialize new basic research findings
through applied research.
We believe that our simulation method could be applied to general analyses of national
innovation and growth systems, as well as to cross-country comparisons of research policies. Governments, universities, private firms and other agents involved in the development
and implementation of technology and innovation policies may use this method to conduct
sector-specific, as well as economy-wide, analyses of the impact of these policies on the
innovation and growth system.
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5.1 Two-way spillovers between basic research and applied
research: channels and outputs
5.1.1 Spillovers from basic research to applied research: channels
Basic research impacts on applied research through a variety of channels such as open science, embodied knowledge transfer, collaborative and contractual research ventures, informal interactions and personal contacts through membership in research networks or alumni
organizations, joint industry-university research centers, academic consulting, patenting and
licensing of university inventions, and start-ups and spin-offs from universities. These channels are characterized by a significant degree of interdependence, which varies in extent and
manner across channels. While many channels tend to be complementary, others remain
independent, and in some cases even turn out to adversely impact each other. In that regard,
Landry et al. (2010) analyze data from 1,554 academics across six research fields, who received funding from the Canadian Natural Sciences and Engineering Research Council, to
determine if and how different academic knowledge transfer activities complement, substitute or are independent from each other. The findings suggest that publications, the patenting
of university inventions, the creation of spin-offs, academic consulting and informal knowledge transfer turn out interdependent academic knowledge transfer activities mutually reinforcing each other. In contrast, teaching activities of academics are substitutive to their
publication performance, while patenting, the creation of spin-offs, academic consulting and
informal knowledge transfer are independent of these teaching activities. For the following
presentation of the various channels through which basic impacts on applied research, this
implies that these channels shall not be seen as being entirely independent from each other.
They rather constitute specific modes of interaction within the complex web of academic
knowledge transfer activities.

Open science
One of the main channels through which scientific findings are transferred towards industry
is open science. It provides the publication of scientific findings in professional journals
and reports, their presentation in conferences, and the attendance of basic researchers in
public meetings and debates, for instance. By these means, researchers in applied industrial research can draw from the pool of newly-generated knowledge, and apply new basic
research findings to industrial applications. In that regard, Cohen et al. (2002) use a survey of R&D managers conducted in 1994 in the US manufacturing sector. They find that
the open science channels are among the most common means of transferring public re-
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search to industrial R&D. One further platform for open science is provided by technical
societies (Nelson, 1986). The publication of journals, the organization of conferences and
the provision of communication networks, for instance, by these institutions, allow a regular exchange of knowledge between academic and industrial researchers. Thus, new basic
research findings can be communicated to an industrial audience and be adopted in applied
research. However, drawing from these open science channels requires not only significant levels of in-house R&D to build up absorptive capacity on the part of firms (Cohen
and Levinthal, 1989), but also their active participation in academic networks and research
aimed at generating publicly available knowledge, through co-authored research, for example (Cockburn and Henderson, 1998). Furthermore, despite its assumed unpredictability and
absence of specification, a significant share of scientific research is indeed predictable and
aimed at providing particular applications for specific practical needs. Yet, Nelson (2004)
argues that the associated research findings should be communicated and dispersed by means
of open science, as this kind of channel brings the largest benefits of basic research to society. The reason is that the performance of basic research is associated with a significant
degree of uncertainty, which implies the need for further potential inventors to have access
to and to work with current knowledge and open research issues. In contrast, policies aimed
at a stronger privatization of basic research and the associated restriction of use for research
findings would threaten the further development of science and technology.

Embodied knowledge transfer
The concept of embodied knowledge transfer builds on the assumption that basic research
knowledge does not necessarily become freely available through open sources, but is rather
the private knowledge embodied by academic inventors, university faculty members, students and graduates. If these persons work either permanently or on a temporary basis in
industry, they transfer their skills and knowledge acquired in the course of their research,
training and education in academia to use them for applied industrial purposes. This type of
knowledge transfer appears to be another main channel through which basic research knowledge flows to applied research (Pavitt, 1991, Dasgupta and David, 1994). For the field of
biotechnology, Zucker and Darby (1996) suggest that new knowledge varies in its degree
of excludability, at least in the early stages after its discovery in the scientific community,
and that its use is limited to the original group of inventors. Thus, the commercialization
of basic biotechnology research requires the active involvement of these inventors who have
to impart the tacit knowledge they acquired during their research. By analyzing survey data
of 214 former employees of the nine Max Planck Institutes in Germany, collected from
1990 to 2001, Zellner (2003) finds that the migration of researchers from science to industry is associated with the transfer of embodied basic research knowledge to applied research.
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Thus, the transfer of non-specific basic research knowledge, which requires a comprehensive
background in the respective scientific discipline, as well as detailed analytical and problemsolving skills, is considered to be more important by survey respondents than the transfer of
specific knowledge. Scientific skills are also considered to be more important than “propositional knowledge”, while the scientists’ migration to applied research appears not to entail
the transfer of specific research results. Apart from transferring these skills and knowledge,
the migration of scientists from basic research to applied research also increases the firms’
capacity to draw from and to commercialize external scientific knowledge. However, the
migration from basic research to applied research, and the associated embodied knowledge
transfer, significantly depends on the scientists’ career preferences and research objectives.
In that regard, Roach and Sauermann (2010) provide a survey of more than 400 PhD students
from the science and engineering disciplines of three US research universities, to determine
their career preferences between industry and academia. Their findings suggest that those
scientists with a particularly strong concern for salary, research resources and interest in
downstream applied research and development are most likely to migrate to industry, while
those with a strong preference for science, i.e. academic research freedom and publishing,
are less likely to leave basic research.

Collaborative and contractual research ventures
Collaborative and contractual research ventures between the science community and industry
are another important channel of knowledge transfer from basic research to applied research.
By these means, private industrial research can draw from academic research conducted at
universities and public laboratories, through cooperation on joint research agendas or by
contractual research projects with university scientists, for instance, which allows it to increase its productivity. Pechter and Kakinuma (1999) argue that such collaborative research
ventures between universities and industry by means of co-authored papers represent an important channel of knowledge transfer in the Japanese innovation system, which is due to this
system’s institutional characteristics. They exclude the patenting and licensing of publiclyfunded innovations on behalf of the academic inventor, for example. In that regard, Cockburn and Henderson (1998) suggest that private firms that intend to draw from public sector
knowledge not only need to invest in building up absorptive capacity through in-house basic
research to be able to assimilate external knowledge. They also need to establish means of
active collaboration with universities and other public sector research institutions, such as coauthorships, for instance. In contrast to rather informal means of knowledge transfer, these
collaborative research ventures emerging from joint industry-university research projects often entail the opportunity to exchange tacit knowledge, to do joint work on frontier research,
to allow personal exchange of ideas and problem-solving, and to shape common research pri97
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orities, for instance. By analyzing a survey among 425 Swedish engineering firms, Broström
(2010) finds that geographic proximity between academic and industrial research partners
facilitates cooperation, particularly in the context of short-term research projects.
Despite the assumed positive effects of these means of university-industry cooperation, these
ventures are not immune to criticism from the researchers involved. To shed light on the attitudes of scientists regarding these cooperative research efforts, Welsh et al. (2008) analyze
interviews with 84 academics involved in biological research at nine US universities, regarding their preferences on university-industry research relations. On the one hand, these
relations are deemed positive, as they have the potential to stimulate communication among
scientists, facilitate commercialization and entail additional research funding, for instance.
However, cooperative research might also imply restrictions in communication due to the
interest of industry to keep significant parts of research results confidential. According to the
scientists’ point of view, the universities’ intellectual property policies should be designed in
a way that scientific research is protected, while remaining attractive to industry. One means
to encourage university researchers’ to cooperate with industry are industrial and governmental research grants and contracts. In that regard, industrially-sponsored research grants
and contracts impact positively on the degree and extent of the scientists’ involvement with
industry (Bozeman and Gaughan, 2007).
Furthermore, the impact of collaborative and contractual research ventures on industrial innovation significantly depends on the characteristics of the firms involved. In that regard,
Lööf and Broström (2008) draw from a sample of 2,071 observations from the Swedish
Community Innovation Survey, and suggest that the large manufacturing firms exhibit particularly positive efforts to collaborate with universities on their innovation performance, as
opposed to average service firms which appear to display insignificant efforts.

Informal interactions and personal contacts
Informal interactions and personal contacts of researchers working in science and industry
are another potential channel of knowledge transfer from basic research to applied research.
These informal interactions and personal contacts often take place through the membership
in research networks or alumni organizations, which provide important platforms to meet
and exchange knowledge. By these means, industrial researchers may learn about new findings and advances in basic research, which might spur new applied research ventures, complement ongoing research projects and increase industrial innovative productivity. In that
regard, Meyer-Krahmer and Schmoch (1998) analyze a survey carried out at German universities in 1995. They find that apart from collaborative research ventures the informal contacts
between academic and industrial researchers within informal research networks constitute
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the most important channel of university-industry interactions. They explain this finding
with the fact that this type of university-industry interaction provides an adequate platform
for a two-way knowledge exchange between academic and industrial research, both sharing knowledge about their research projects and findings. As to basic scientific research
in biotechnology, Feldman (2000) suggests that informal networks of academic researchers
and their colleagues, clients and students, as well as other potential stakeholders, provide
opportunities to acquire knowledge about technology development and innovation. This
knowledge fosters the commercialization of research, especially when new companies are
created, as spin-offs from universities. Likewise, Arundel and Geuna (2004) draw from the
“Policies, Appropriation and Competitiveness in Europe” survey of 1993 among Europe’s
largest firms. They suggest that apart from the hiring of university graduates, the informal exchange of knowledge among academic and industrial researchers constitutes the most
important means for industry to appropriate public science. These firms tend to use informal contacts, mainly to gain access to knowledge generated in other European countries.
Ponomariov and Boardman (2008) analyze a survey of scientists and engineers from 150
research-intensive US universities across 13 academic disciplines. They suggest that - apart
from providing a potential channel of knowledge transfer between universities and industry
- these informal interactions entail an increasing probability to engage in collaborative research ventures with industry, as well as more research time to be devoted to collaborative
research.

Joint industry-university research centers
The transfer of basic research knowledge from universities to industry may also take place via
industry-university research centers, which are mainly financed by industry and which aim
at strengthening university-industry relationships and at appropriating scientific research for
industrial purposes. By collaborating on joint research projects, industrial researchers might
use the particular research capacities of university scientists, which might facilitate the development of commercial products and technologies. In that regard, Adams et al. (2001)
use survey data on 600 industrial R&D laboratories associated with firms in the chemicals,
machinery, electrical equipment and transportation equipment industries, collected between
1991 and 1996. They investigate how these means of university-industry knowledge transfer impact on patenting and research expenditures made by the industry. They find that
industrial research facilities belonging to a joint industry-university research center are 2.5
times larger and more science-oriented than other facilities which do not belong to one of
these centers. A membership in these centers also induces industrial laboratories to issue
0.5 additional patents and to increase their R&D spending by 2 percent, compared to nonmember facilities. This positive impact of joint industry-university relationships has also
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been investigated by Blumenthal et al. (1986) for the field of biotechnology. Surveying 106
research-active firms in this sector, they find that almost half of these companies are maintaining research relationships with universities and, thereby, are financing up to 25 percent
of academic biotechnology research. Thus, firm size and university research support appear to be positively linked, as larger firms rather channel higher funds to universities than
smaller firms. Biotechnology research that is financed by these means is considered to be
more commercially valuable by these firms than their other research ventures, as shown by
a higher amount of patent applications for university research. Further benefits reaped by
firms supporting university research are that these means of research cooperation allow to
keep up with current research at the knowledge frontier, that the costs of R&D programs in a
new research field can be reduced, and that this joint research may result in licenses for new
products or processes, for instance. However, this kind of support for university research
also bears the risk that the associated payoffs are low, that proprietary information might get
lost, or that monitoring and control efforts become too high.

Academic consulting
A further potential channel transferring basic research knowledge to applied research is
academic consulting. Scientists are hired on a temporary basis by industry to apply the
skills and the knowledge acquired in the course of their basic research to industrial research
needs. Thereby, research-active firms often hire academic consultants in areas where they
lack the particular research skills necessary for product development and commercialization.
Through the provision of this expertise, academic consultants increase the productivity of industry’s applied research, which spurs innovation. Perkmann and Walsh (2008) distinguish
three types of academic consulting. While opportunity-driven academic consulting takes
places in response to financial incentives and usually consists in the short-term provision of
freely available academic knowledge, commercialization-driven academic consulting relates
to a certain research project aimed at commercializing academic inventions, by using the
tacit knowledge of the academic inventor. Finally, long-term research-driven academic consulting is carried out to support firms in their strategic R&D decisions, for instance, and is
driven by the academic researchers’ desire to use research opportunities, to learn about new
research challenges in industry, and to access research material.

Patenting and licensing of university inventions
The transfer of knowledge from basic research to applied research also takes place through
patenting and licensing of university inventions. New ideas, theories and prototypes developed at universities through basic research are often patented and subsequently licensed to
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industry. Apart from the transfer of scientific knowledge to industrial research, universities
benefit from the associated licensing revenues, that might be used to finance new areas of
basic research.
The patenting and licensing of university inventions is a relatively recent phenomenon. To
facilitate the transfer of usually embryonic university inventions to industry and to create
sufficient incentives for firms to invest in applied research aimed at commercializing these
inventions, it was deemed necessary to award the intellectual property rights on their inventions to universities and therewith the right to patent the output of their mostly federallyfunded research.
Together with the belief that allowing universities to commercialize their research would also
provide them with stronger incentives to advertise their inventions, this paradigm was embodied in the US by the Bayh-Dole Act of 1980 that entitles universities to patent the output
of their research and to grant licenses on the use of their inventions to industry (Colyvas et al.,
2002). The Bayh-Dole Act enforced the rapidly increasing trend in US university patenting
which lasted from the early 1970s to the 1990s. Apart from these legislative amendments
facilitating the commercialization of university inventions, increased industry funding of
university research, as well as the increased establishment of TTOs at universities, further
strengthened university patenting (Henderson et al., 1998). To explore whether this rapid
increase in university patenting also induced an associated increase in university technology
transfer to industry, Henderson et al. compare the set of all US university patents issued
between 1965 and 1992 with a random sample of all patents assigned over the same time
period in the US. They find that university patents initially outperformed average patents
in terms of importance and generality, while this quality difference decreased and finally
vanished by the end of the 1980s. They attribute this relative quality decline to two causes:
(i) the tendency of an increasing fraction of overall university patents to come from smaller
institutions, which generally produced patents of lower quality, and (ii) the rapidly rising issuance of low-quality patents following the loosening of university patent legislation. Their
findings imply that although legislative and institutional amendments had no significant impact on the generation of commercial technologies per se at universities, they increased the
rate of technology transfer to the private sector where the commercialization of university
inventions took place. However, it appears questionable whether the desired resource mobilization effect associated with a stronger alignment of university research with commercial
objectives indeed benefits more than only a few universities (Feller, 1990). These doubts
about a stronger commercial orientation of academic research through patenting and licensing with the prospect to provide significant revenues for universities has also been raised by
Bulut and Moschini (2009). They point out that since the Bayh-Dole Act, merely a few US
universities have generated substantial returns from patenting and licensing the outputs of
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their research, while the majority of academic institutions ended up with merely modest, if
not negative returns.
The assumed importance to allow universities to patent and license their inventions, as well
as the need to establish TTOs within these institutions to facilitate university-industry knowledge transfer, has recently become the subject of criticism. The prevalent institutional design
of the underlying technology-transfer model has been criticized because of its ownership
arrangements, by which US universities hold ownership on the inventions made by their
staff. It is considered to be economically inefficient and socially suboptimal, as the associated misalignment of incentives and the existing information asymmetries among the various
stakeholders of the technology transfer process hamper efficient university-industry technology transfer (Kenney and Patton, 2009). Furthermore, Agrawal and Henderson (2002) draw
from quantitative and qualitative data on the patenting and the publishing record of 236 professors at the MIT’s departments of Mechanical and Electrical Engineering who published at
least one paper or filed at least one patent between 1983 and 1997. Agrawal and Henderson
find that the publication of papers by far outnumbers the filing of patents as means of knowledge transfer. While only 10 to 20 percent of the faculty members under observation filed
a patent in any given year and almost half of all professors never filed a patent at all within
the 15 years under observation, on average, 60 percent of the faculty members published
something in any given year, and only 3 percent never published at all. Furthermore, even
among the patenting faculty members, patents were found to contribute merely 7 percent to
total knowledge transfer from university to industry. Similarly, Colyvas et al. (2002) draw
from 11 case studies from Columbia and Stanford University, and suggest that in the case of
non-embryonic university inventions for which practical applications are already apparent,
as well as in the case of inventions, for which firms find other means of appropriating the
outcome of their own research built upon these inventions, it does not necessarily require
previous patenting and licensing for these inventions to be transferred from universities to
industry. However, the more embryonic an invention is, the more it appears necessary to
grant property rights to the firms that intend to commercialize the output of previous university research. With regard to the role of TTOs in facilitating university-industry knowledge
transfer, it appears that these institutions are not as crucial in terms of advertising the outcome of university research with apparent practical applications, as compared to other means
of interaction between universities and industry such as informal networks. The reason is that
firms themselves have an intrinsic motivation to stay in touch with current university research
that aims at solving the problems they encounter. However, TTOs at universities seem to play
an important role for the advertisement of university inventions whose commercial potential
is only vague and where university-industry interactions are only weak, as well as for the
administrative processing of the patenting and licensing process. Their potential ability to
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reduce the transaction costs of the commercialization of academic inventions has also been
highlighted by Lowe (2006). He develops a theoretical model to determine the factors that
shape the manner in which university inventions are commercialized. If the academic inventor chooses to commercialize his invention by means of licensing, the associated TTO may
assume a supporting role in this process by reducing the marketing costs of an invention and
by improving the inventor’s bargaining position towards potential licensees.

Start-ups and spin-offs from universities
A further potential channel of knowledge transfer from basic research to applied research is
the creation of new firms on behalf of university scientists, as start-ups or spin-offs from universities and based on inventions made through academic research. Subsequently, these new
firms may conduct the applied research necessary for successful product development and
commercialization. As to basic scientific research in biotechnology, Feldman (2000) suggests that commercialization mainly took place through entrepreneurial start-ups and spinoffs from universities. Thus, the academic inventor’s incentives to commercialize scientific
research by creating new firms mainly stem from the expected financial rewards associated
with it. These resources can then be used to finance additional research or to foster new
research projects.
To determine the factors that facilitate the establishment of such start-ups or spin-offs, Colombo et al. (2010) analyze data from 487 high-tech start-ups in manufacturing and services
industries in Italy, out of which 48 were academic start-ups, between 1994 and 2003. They
find that university research impacts on the growth rate of academic start-ups if these startups could adopt the knowledge generated at universities and if that research had a scientific
rather than a commercial orientation. In addition, Franklin et al. (2001) suggest that the most
successful means for technology transfer via the creation of university spin-offs might be to
follow a combinatory approach, involving the academic inventor in the commercialization
of his scientific research and outsourcing the rights to establish a new company to external
entrepreneurs. This allows to draw from the technical knowledge and commitment of the
academic inventor and to capitalize on the business and commercialization experience of external entrepreneurs. Krabel and Müller (2009) analyze survey data on 2,604 scientists of the
German Max Planck Society to determine which particular circumstances and characteristics of the individual academic researchers trigger a decision to start entrepreneurial activities
with their own companies. They find that the individual inventors’ engagement in patenting
activities, previous cooperation with industry, an existing network of associated personal
contacts to the private sector, prior entrepreneurial experience, working in an academic environment with other researchers already being engaged in entrepreneurial activities, as well
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as a positive personal attitude towards commercialization of academic research are the factors that foster the creation of companies as spin-offs from universities. Similarly, Landry
et al. (2006) draw from survey data on 1,554 scientists funded by the Canadian Natural
Sciences and Engineering Research Council between 1997 and 2002. They find that increasing financial resources, a better protection of intellectual property, more extensive prior
consulting and research experience, a greater extent of personal contacts and linkages with
private firms, government and university communication departments, and a better access to
research resources of large research universities and laboratories all increase the likelihood
that university researchers commercialize their research through the creation of spin-offs.
Besides the necessity to provide resources for intellectual property protection, as well as to
align the royalties regulations of universities, Lockett and Wright (2005) also mention the
necessity to provide adequate training to technology transfer officers, allowing them to build
up their entrepreneurial expertise and foster the commercialization of university start-ups.
With regard to the raising of funds, particularly of venture capital, to finance university startups, Wright et al. (2006) detect a mismatch between the requirements of funding on behalf
of the spin-offs on the one hand, who prefer financing at early stages, while the supply of
these funds by venture capital investors happens at later stages, when they are willing to
invest. To address this mismatch, institutional adjustments would be required. Universities
and their respective TTOs would need to realign their intellectual property policies to establish standardized processes to set up spin-offs. They would also need to foster stronger
ties with venture capitalists, while government policies could be designed to provide funding and expertise for university start-ups. Fini et al. (2010) draw from a sample of 11,572
US professors, and find that most university spin-offs are set up outside the respective university’s intellectual property system, that is without commercializing a previously patented
invention. Academic entrepreneurs who do not use the formal intellectual property system
of their university, differ from their academic peers who set up their spin-offs based on previously patented inventions. While the former are usually older than the patenting academic
entrepreneurs, the latter tend to devote less time to research and teaching, and more time
to setting up and maintaining their ties with industry. Furthermore, the establishment of
spin-offs by using the universities’ formal intellectual property system mainly takes place in
the field of bioscience, while the inverse case mainly holds for the social sciences and the
engineering disciplines.
Other studies, however, are more skeptical as to the importance of academic spin-offs providing knowledge transfer channels between universities and industry. In that regard, Libaers
et al. (2006) suggest that for nanotechnology, albeit university spin-offs may play an important role in the process of university-industry knowledge transfer in certain subfields, it is
rather large firms, as well as high-technology start-ups lacking strong ties with universities,
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which drive technological change. Likewise, by analyzing the impact of various potential
influencing factors such as taxes or labor costs on firm opening rates across 87 manufacturing industries in 25 US metropolitan areas from 1976 to 1978, Bania et al. (1993) find
the impact of university research on the firm opening rate to be ambiguous: while university
research exerts a positive and statistically significant influence on the opening rate of firms in
the 19 electrical and electronic equipment industries covered by their analysis, its impact on
other industries proves to be insignificant. Furthermore, the establishment of new firms does
not take place instantaneously, but is usually associated with significant time-lags. Müller
(2010) suggests that delays in the creation of new firms as university spin-offs can take up
to more than 10 years. This is due to the time necessary to acquire complementary skills either on the part of the founder or by additional staff. In contrast, these time-lags tend to be
reduced if high-level technology is transferred, or if the founder of these spin-offs can use
the university’s infrastructure and receives informal support by former academic colleagues.

5.1.2 Spillovers from basic research to applied research: outputs
After having presented the channels through which basic research impacts on applied research, let us now set forth the various corresponding outputs that are transferred. These
outputs can be described as new knowledge and information, skilled graduates, new scientific instrumentation and methodologies, networks for knowledge diffusion, enhancement
of problem-solving capacities, new firms as start-ups and spin-offs from universities, and
prototypes for new products and processes.
New knowledge and information
Basic research generates new knowledge and information to be used in applied research.
This knowledge takes the form of new ideas, theories and prototypes, which add to the
economy’s knowledge base upon which new research ventures can build. By drawing from
this pool of basic research knowledge, applied research can both start entirely new product
lines, or complement existent ones to commercialize the output of basic research. Nelson
(1986) points out that - while he considers the main benefits of university research to arise
from the training of students in the basic principles and techniques of science - knowledge
stemming from university research is especially important for applied industrial research
in the fields of computer science, metallurgy and particularly in biology, as well as and in
the biological sciences. The provision of knowledge and information through public basic
research is quantified by Narin et al. (1997), who examine US patenting data from 1987
to 1988 and from 1993 to 1994. They suggest that 83 percent of the references on drugs
and medicine patents, which do not refer to patents themselves, come from both US and
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non-US public science papers, while only 17 percent refer to US industry papers. These
findings imply that a large share of the US knowledge base underlying industrial innovation
is expanded through new knowledge and information created by public basic research. They
find that US patent citations have a strong field-specific component, as they mainly cite
papers from the scientific fields closest to the industrial area from which the patent originated.
In addition, these patent citations revealed a strong tendency to refer to relatively recent
scientific papers, which mainly come from basic research.

Skilled graduates
Another key output from basic research is the provision of educated and trained university
graduates being hired by industry. In the course of their education and training, students
are exposed to state-of-the-art research techniques and methodologies as well as to the latest scientific findings, which they can use in applied industrial research and development.
Thus, it is not only knowledge itself that they acquire in the course of their university career,
but also the associated research skills they are learning while conducting academic research
(Pavitt, 1991). Martin and Irvine (1981) provide survey evidence regarding 335 former radio
astronomy students with PhD and MSc degrees, respectively, from two English universities
to trace their careers after graduation, to analyze the research skills acquired during their
university education, and to determine the importance of these skills for their work. Martin
and Irvine argue that the education and training of students - even in a scientific field like
radio astronomy which at first glance might appear to be quite remote from providing direct economic benefits - might have a significant impact on applied research. Apart from
general skills associated with university training, such as the ability to show individual initiative or to communicate efficiently, specific skills were also important and useful. They
are more closely associated with radio astronomy training, such as expertise in computing,
electronics and radio systems, the knowledge of radio astronomy techniques, as well as the
understanding of radio astronomy theory.

New scientific instrumentation and methodologies
The development of new scientific instrumentation and methodologies constitutes another
important output from basic research for applied research. Often, scientists encounter unexpected, specific problems, which require the development of specific instrumentation and
methodologies. After their initial use in basic research, these devices often find their way into
industrial application, where they facilitate the development of new products and technologies. In this regard, Rosenberg (1992) argues that the provision of new research instruments
and methodologies appears to extend the economic impact of basic research on applied re106
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search significantly, and proves to be much more than the mere generation of knowledge.
While these instrumentation and methodologies were usually developed in response to scientific needs in basic research, as to provide or improve the analysis of certain scientific phenomena, for instance, the application of these instrumentation and methodologies in applied
research in many industries often proved to be of significant economic importance. Often,
modified and redesigned versions of the original research devices were used. The development of computers serves as a good example: computers were originally designed to deal
with and solve complex calculations necessary for various scientific areas. Later on, modified versions were used for applied purposes, too. Further devices, which were originally
developed by and for the needs of basic research, are particle accelerators, isotope tracer
techniques, the method of nuclear magnetic resonance, and computerized x-ray transmission tomography, for instance. Afterwards, they have become nearly indispensable tools and
techniques for applied medical research and treatment. Scientific instruments and methodologies have also found widespread use across various industries, such as, for example, ion
implantation techniques, which were developed in the scientific field of high energy particle
physics and were widely adopted in the semiconductor industry, or the scanning electron
microscope, which is widely used in microelectronics fabrication. Apart from increasing the
productivity in various fields of industry, the development of new scientific instrumentation
entailed the rise and growth of a whole industry manufacturing these devices, which made
them available to a broader, both academic and industrial range of users.

Networks for knowledge diffusion
Public investments in basic research also allow the involvement of basic researchers in professional research and innovation networks and communities for knowledge exchange and
diffusion among both academic and industrial researchers. These networks provide important platforms for the transfer of basic research knowledge to applied research and industrial
application. Thereby, industrial researchers are exposed to new basic research findings and
state-of-the-art research techniques, which often stimulate new applied research ventures, as
well as they complement existent ones. Pilat et al. (2009) suggest that in a cross-section of 22
countries, an average of 37 percent of the companies are collaborating with universities and
other higher education institutions, and about 26 percent are maintaining ties with government and public research organizations within innovation networks. Thus, large companies
tend to engage more often in collaborative efforts in the context of their innovation activities
than small and medium-sized enterprises. Breschi and Catalini (2010) analyze scientific coauthorship and patent co-invention data for the technological fields of lasers, semiconductors
and biotechnology - which are all characterized by a relatively strong dependence on science
- to determine the degree to which the areas of open science and private sector technology
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development are overlapping, and how they are interconnected within the research networks.
Their findings suggest that strong linkages exist between the scientific and private sector
research communities, within these broader research networks. Individual researchers are
important for these connections to prevail and to foster science-technology knowledge transfer. They are strongly connected with both research communities and serve as “gatekeepers”
bridging the gaps between both areas of research. Rappa and Debackere (1992), and Debackere and Rappa (1994) analyze survey data on academic and industrial researchers in
neural network technology, electric propulsion and reduced-instruction-set computers, and
suggest that the associated technological communities provide relevant opportunities for basic researchers and applied researchers to form networks to exchange information and knowledge, and to work together on interrelated research problems. In contradiction to the view
that industrial researchers are assumed to be rather reluctant to publish the results of their
research, as they supposedly fear their competitors free-riding on their own research efforts,
the disclosure and exchange of information and knowledge within these communities is considered to be essential for joint technological problem-solving.

Enhancement of problem-solving capacities
The enhancement of problem-solving capacities by scientific researchers, which can be used
in industry, is another important output of basic for applied research. In the course of basic
research, scientists are regularly exposed to new research problems whose solution requires
innovative and flexible means of solving them. The creativity and innovativeness required
to solve these problems often proves to be of substantial value for industrial applications as
well. In that regard, Gibbons and Johnston (1974) suggest that basic researchers often contribute to technological advance by solving technological problems that applied researchers
encounter in the course of their work. If they establish contacts with the scientific community through academic consulting with the goal to solve a particular technological problem,
or request the use of specific university facilities and equipment, the problem-solvers in industry often receive the necessary capacity and assistance to tackle technological problems.
That is, if industrial researchers communicate emerging research problems to university scientists, these scientists often have the necessary expertise, knowledge and research facilities required to solve these problems, instead of initiating technological innovations per se.
Likewise, Lee et al. (2010) analyze the career paths chosen by science and engineering PhD
students graduating from the University of Manchester between 1998 and 2001 and evaluate which types of skills acquired in the course of education are considered to be the most
valuable by future employers in both academia and industry. While subject-specific knowledge is regarded as particularly important for careers in academia and other public research
institutions, subject-specific knowledge of a rather general type, as well as more general and
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transferable skills, are deemed more important for technical positions in manufacturing, as
well as in non-technical occupations such as management and industrial consulting.

New firms as start-ups and spin-offs from universities
Apart from being an important channel for the knowledge transfer from basic research to
applied research as described above, new firms created as start-ups or spin-offs from universities are also an important output of basic research. Academic inventors who intend to
commercialize the results of their basic research often establish new firms, based on their inventions, which themselves often become important venues for subsequent applied research.
However, the commercialization of basic research through the establishment of academic
spin-offs depends on certain key conditions. Based on interview survey data from 51 of the
81 university research parks of the US, Link and Scott (2005) analyze particular university
characteristics which are beneficial for the creation of spin-offs within university research
parks. They find that the age of the respective research park, the geographical proximity, as
well as the research environment of the associated university, have a positive influence on the
creation of university spin-offs. Furthermore, the creation of spin-offs is particularly likely
in the field of biotechnology. Johansson et al. (2005) argue that for academic spin-offs to be
commercially successful, continued support from and sustained relations with the original
university are crucial. Given these spin-offs’ frequent lack of own research resources and
their continued need for innovation, the establishment and maintenance of strong ties with
the university allows to draw from its research capacities and its knowledge. However, despite these benefits, the maintenance of these ties implies a high degree of dependence on
the university’s continued support, as well as eventual difficulties of substituting for alternative channels of external knowledge acquisition. Despite the potential support and benefits
that universities might provide to their spin-offs, the management of the relations between
the universities and the associated spin-off companies also has to take into account that
the commercialization of academic research through the creation of new firms might turn
out to be more difficult than initially expected, and generate less revenue than anticipated
(Lerner, 2005). Furthermore, the successful creation of start-up companies requires appropriate means to finance these ventures and to settle possible conflicts of interest stemming
from the commercialization of publicly-funded research.

Prototypes for new products and processes
Finally, basic research also leads to the development of prototypes for new products and
processes, which are then taken up by applied research for subsequent development. Thus,
the share of prototypes among university inventions is considerable. According to Jensen
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and Thursby (2001), about 29 percent of the university inventions surveyed in their study
were lab-scale prototypes at the time of licensing, which required further development for
successful commercialization. In this regard, Agrawal (2006) describes this process of applied research taking up lab-scale prototypes from basic research for further commercialization and product development. He uses the example of a dynamic force measurement
system for articulated hydraulic arms, which was originally developed at the University of
British Columbia. For the development of this prototype, its invention was not significant
itself, while the knowledge how to assemble this prototype was essential. Furthermore,
Agrawal underlines the importance of latent knowledge in the process of subsequent product
development. Firms that decide to hire the academic inventor can also draw from his latent
knowledge, which increases the likelihood of commercialization success. For the case of the
prototype described above, further work on the academic invention was required, such as the
implementation on larger machines, the minimization of the corresponding instrumentation,
and improvements of its stability. It turned out that the involvement of the inventor was
beneficial for the successful commercialization.

5.1.3 Spillovers from applied research to basic research: channels
Collaboration between universities and industry
The collaboration of universities with industry constitutes an important channel of knowledge transfer from applied research to basic research. One important means of collaboration
is academic consulting, where university researchers are hired on a temporary basis by industry. While providing important scientific expertise to industrial product development and
commercialization, these researchers are exposed to applied industrial knowledge, which often feeds back onto their own academic research. In that regard, Mansfield (1995) finds that
across a sample of industries, the majority of academic researchers engaged in academic consulting with these industries reported that ideas and problems encountered in the course of
their consultancy exerted a substantial influence on their own scientific research. Similarly,
Perkmann and Walsh (2008) point out that while the various types of academic consulting,
that is opportunity-driven, commercialization-driven and research-driven, do not influence
the direction of basic research, research-driven consulting tends to increase the productivity
of academic research, due to the availability of additional research resources. Opportunitydriven consulting, in contrast, tends to decrease the academic researchers’ productivity, as
resources are distracted from core research ventures, while commercialization-driven consulting appears to have no significant impact. This suggests that universities ought to differentiate between these types of academic consulting, depending on their attitude towards
research excellence. Likewise, as Agrawal and Henderson (2002) point out by exploring the
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publication and patenting patterns at two MIT departments, both publishing and patenting and therewith basic research and applied research - could even serve as complements rather
than as substitutes in the process of innovation, as university scientists are exposed to research problems and questions faced by industry through their academic consulting. In that
regard, van Looy et al. (2004) also suggest that an increased output of publications might
also result from fostering stronger ties between universities and the private sector, with the
direction of the academic research underlying these publications not being affected by this
collaboration.
However, too strong a collaboration between universities and industry also raises criticism.
Based on a survey of about 1,000 US academics from 115 universities across nine academic
disciplines in the 1990s, Lee (1996) argues that despite a general support among academics
for intense university-industry collaboration by means of commercialization of academic research and faculty members consulting, for instance, to make up for the decline of federal
support for university research, there is a significant reluctance against too strong a business
orientation. This reluctance stems from a general concern about the potential biasing of university research away from basic research. In that regard, 56 percent of survey respondents
objected the idea that their university might provide assistance for new technology-based
start-ups, while about 74 percent refused the idea of their university establishing business
partnerships with the private sector completely.

Joint industry-university research centers
Joint industry-university research centers provide another potential channel of knowledge
transfer from applied research to basic research. These research centers are often set up
for predefined research purposes to develop commercial applications and use both scientific
and industrial research staff. By pooling the expertise of both scientists and industrial researchers, product innovation, development and commercialization can take place. In that
regard, Adams et al. (2001) suggest that the quality of the impact of applied research on
basic research depends on the relationship between the “input expansion” and the “input
diversion” effect of corporately-financed industry-university research centers. While the former effect relates to the provision of additional faculty members and research opportunities
associated with additional funding, the latter refers to the diversion of faculty members away
from basic research and towards more applied research. If the former effect dominates, these
privately-financed joint research centers - aimed at fostering university-industry knowledge
transfer and at facilitating the appropriation of scientific knowledge for applied research - impact positively on basic research through the net provision of additional research resources.
Likewise, Blumenthal et al. (1986) found out for the field of biotechnology that universi-
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ties could also benefit from research carried out at joint industry-university research centers,
by raising additional revenue through the patenting and licensing of the associated inventions. These revenues may provide additional resources and opportunities to carry out basic
research. However, engaging in joint industry-university research also bears the risk for universities that commercial incentives might become too strong and divert resources away from
basic research towards applied research. Additionally, the output of such research is usually
kept secret, especially if small firms are involved as research partners. This is in contradiction with the paradigm of open science usually associated with university research, and thus
with the free dissemination of research results.
University research parks, in which technology-based firms locate close to universities to
benefit from research carried out at these institutions, are to some extent similar to joint
industry-university research centers. They also provide a potential knowledge transfer channel from applied research to basic research, as the universities might benefit from research
synergies with the corresponding firms, which might render their academic research ventures
more productive (Link and Scott, 2005).

Patenting and licensing of university inventions
The patenting and licensing activities of universities may serve as an additional channel of
knowledge transfer from applied research to basic research. Scientists who are patenting
their inventions often experience significant feedback effects onto their own basic research.
However, the nature and extent of such an impact appears to be controversial. While some
authors argue that academic patenting and licensing might interfere with basic research, others consider this impact to be neutral, while other authors suggest a positive correlation
between the scientists’ publication and their patenting activities.
An increased involvement of universities in patenting and licensing activities might entail
negative consequences for basic research. In that regard, Geuna and Nesta (2006) analyze the
literature on the patenting behavior at European universities. They raise the concern that the
trend of heterogeneously increasing university patenting activities could amplify the differences across universities, in terms of financial resources and research outcome. In contrast,
however, Meyer (2006) analyzes patterns of nano-science publications and nano-technology
patents in the UK, Germany and Belgium. He suggests that scientists patenting their results
are not negatively affected in their scientific research and citation performance. Moreover,
Agrawal and Henderson (2002) suggest that even the inverse relationship - of applied research serving as a complement rather than as a substitute for basic research - is likely to
be the case, as reflected by an increasing amount of patents filed by university faculty members triggering an associate increase in publications. This complementary role of academic
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patenting and publishing has also been observed by Fabrizio and Di Minin (2008), as suggested by a higher amount of annual publications following successful patent application
of the respective scientific researchers, as compared to their non-patenting academic peers.
Equally, Van Looy et al. (2006) analyze the patenting and publication behavior of academic
inventors at KU Leuven in Belgium. They find that the two activities intensify each other.
Similarly, Azoulay et al. (2009) analyze a set of 3,862 academic researchers in the area of
life sciences. They suggest that academic patenting impacts positively on both the rate and,
although to a minor extent, on the quality of scientists’ publications, while the direction of
their research tends to shift towards commercially more promising research ventures. Likewise, Stephan et al. (2007) analyze data on the patenting and publication activity of 10,962
doctoral scientists and engineers over a 5-year interval, across 4 academic subfields. They
find a positive and significant relationship between the number of patent applications and
the number of published articles. This positive impact of the patenting activity on the publication performance stems from several facts. First, research that is patentable often has
the potential to be published later on. Second, the interaction with industry in the course
of patenting might provide scientists with the opportunity to gain new research ideas, or to
have access to new research resources and funding, which, in turn, enhances scientific productivity, and thus publication performance. Third, a successful patenting record might also
signal academic excellence, and might thus facilitate and enhance publication. With regard
to the latter point, Göktepe-Hulten and Mahagaonkar (2010) point out that instead of merely
focusing on the short-term financial rewards associated with the commercialization of university inventions, the patenting behavior of academics might be even more motivated by
the prospect of gaining reputation through a sound patenting record, and thereby facilitating
future publishing and patenting activities.

Technological communities
Technological communities of academic and industrial researchers provide another opportunity for applied research to impact on basic research. In these communities, both academic
and industrial researchers find a platform to work on and share knowledge about interrelated
research problems (Rappa and Debackere, 1992). By publishing journals, organizing conferences and engaging in further activities of knowledge diffusion, these communities not only
provide the means for the transfer of knowledge - from science to industry as well as among
industrial researchers - but they also allow academic researchers to learn about the practical problems of applied industrial research (Nelson, 1986). Similarly, Meyer-Krahmer and
Schmoch (1998) argue that what they label “techno(logical)-scientific communities” provide
a platform on which both academic and industrial researchers can exchange knowledge on
new research projects and findings.
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Execution of applied research
Mowery and Rosenberg (1989) and Rosenberg (1990) argue that the mere performance of
applied research may entail new basic research findings. Tackling the question why private firms are doing basic research, Rosenberg (1990) suggests that although the employment of researchers and scientists takes place exclusively out of commercial and profitmaximizing incentives, these scientists’ industrial research often leads to important scientific
breakthroughs, be it as unintentional by-products or triggered by efforts to solve particular
problems encountered in applied research. Louis Pasteur’s applied research efforts associated with the fermentation and putrefaction processes of wine, which eventually led to the
science of bacteriology, is one example, Karl Jansky’s attempts to determine the background
noise associated with transatlantic radiotelephone services provided by Bell, which gave rise
to the science of radio astronomy, is another. In other words, fundamental scientific breakthroughs have often been the result of applied research aimed at solving specific practical
problems. These breakthroughs may then create entirely new fields of science, or complement existent ones.

5.1.4 Spillovers from applied research to basic research: outputs
Data and research material
The performance of applied research often entails the compilation of comprehensive amounts
of data and research material on ongoing industry R&D projects. Industrial researchers document the course of their R&D activities, including all associated successes, failures and
lessons learned, the associated data on the functioning and performance of the various research processes, the materials, substances and results found and used, as well as potentially
new lines of research that opened up. These data often prove to be of significant value for
further research ventures across various disciplines. This is often particularly true for basic research projects that build on applied research in industry, as these data and research
material might significantly impact on the innovative performance of the scientists involved.
Welsh et al. (2008) collect interview responses from academics in the biological sciences
and show that access to research data, results and comprehensive information, as well as the
availability of research materials, is often valued at least as high as access to additional funding by the scientists. Distinguishing between various types of academic consulting, Perkmann and Walsh (2008) suggest that research-driven consulting which corresponds closely
to scientists’ own research agenda, and, to a lesser extent, commercialization-driven consulting which often aims at commercializing academics’ own inventions, often entail positive
feedback effects on basic research productivity, as the access to and the use of applied re114
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search resources enhances the consulting scientists’ research opportunities and their ability
to work on their own basic research.

Unresolved problems and open research challenges
The discovery of unresolved problems and open research challenges can be considered as
another important output of applied research for basic research. It frequently stimulates
new fields of scientific activity. Technological problems occurring in the course of applied
research often motivated the performance of basic research, which first tackled these problems and then expanded on them to open new fields of science. Materials science, which
emerged from efforts to improve the quality and performance of semiconductor devices, or
condensed matter physics, are well known examples of this effect (Brooks, 1994). More
generally, despite their overall academic freedom in terms of shaping and pursuing their own
research, scientists are often required to seek for interactions with industry to direct their
agendas towards socially desirable research objectives. Thus, they are exposed to the associated research challenges (Balconi and Laboranti, 2006). In that regard, Chaves and Moro
(2007) note that applied research in the health sector provides basic medical research with
new research questions about the reaction of the human body to medicine and therapies.
Similarly, Rosenberg (1992) suggests that the development of new scientific instrumentation through applied research, which itself may have been stimulated by basic research that
initially induced the invention of these research devices, gave rise to various basic research
efforts and even to entirely new fields of scientific activity. The development of the transistor
and its potential applications, for example, entailed increasing scientific research ventures in
solid-state and surface physics, while the invention of the laser stimulated a renewed basic
research interest in optics. Furthermore, the rise of semiconductor technologies triggered
increased activity in classical physics and chemistry, as well as the emergence of the new
scientific field of imperfections in crystals. These new research ventures, and even the rise of
entirely new fields of basic research, were mainly motivated by the desire to solve research
issues on the use of these technologies, as well as by the desire to extend their potential use
beyond the prevailing limits of application. As to microelectronics, Balconi and Laboranti
(2006) suggest that the interaction of universities with industry and, more particularly, personal knowledge exchange among academic and industrial researchers means a re-shaping
of these researchers’ scientific research agenda. This happens through the communication of
open research challenges, related to the continuous miniaturization of semiconductors and
the rise of associated research problems on how to adjust microelectronic circuit functions
and applications, for instance.
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New instrumentation and measurement techniques
The provision of instrumentation and measurement techniques is another important output
of applied for basic research. They were originally developed through and for industrial research, and proved useful for academic research as well. Despite their supposed usefulness
and importance, basic research alone would often lack the capacity and resources to develop
them. Thus, by gaining access to these industrially-developed research devices and by using
them, academic researchers are given key opportunities to increase their innovative capacity.
In that regard, Brooks (1994), for example, points out that advances in space technology
development, which probably wouldn’t have taken place for scientific purposes alone, improved measurement techniques greatly and, thereby, increased basic research opportunities
in the scientific fields of cosmology and astrophysics. Thus, a close cooperation between
the actors involved in applied research and basic research, is key to a successful transfer of
instrumentation and measurement techniques. Apart from this, the modification and refinement of scientific instrumentation originating from basic research, as well as their subsequent
mass production, fostered the broader and more frequent application of these devices in science, thus increasing overall basic research productivity. In that regard, progress in the area
of microfabrication technologies, for example, proved very useful to basic research fields
such as condensed-matter physics (Rosenberg, 1992).

Mobilization of additional funding
If the performance of applied research has given rise to new fields of basic research, the
proven commercial potential of the former may stimulate the mobilization of additional
funding for the latter. In many occasions, industrial product and technology development
through applied research has proven to be of significant commercial value. If the associated
research triggered new ideas and research questions, which in turn spur scientific interest and
open up new fields of basic research, potential investors are more willing to provide funding,
due to the higher likelihood of commercial application. Brooks (1994) states that this indirect resource mobilization effect of applied research on basic research has taken place, for
example, after the invention of the transistor, the laser, the computer, as well as after the invention of nuclear fission power, whose scientific investigation followed their technological
development. The development of the laser, for example, induced and enabled basic research
in the fields of classical optics, as well as in atomic and molecular spectroscopy, while the
invention of the transistor gave rise to basic metallurgy, crystal growth and crystal physics
research. This effect was particularly strong in the areas of defense and health care, where
industries are disproportionately R&D-intensive, and a relatively strong focus is also laid on
the associated fields of science.
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5.2 Examples for basic research developing the knowledge
base for applied research
Table 5.1: Basic Research Ideas, Theories and Prototypes
Invention

(Main)
tor(s)

X-Rays

Inven-

Time of Invention

Institutional
tion

Affilia-

(Potential)
Commercial
Applications

Source

Wilhelm Conrad
Roentgen

1895

University
Würzburg

of

Radiology, X-ray equipment

Assmus (1995), Gelijns
and Rosenberg (1999)

Boundary-Layer
Theory

Ludwig Prandtl

1904

Institute of Technology Hanover

Airplane
manufacturing, aerodynamics, fluid
dynamics

Hirschel et al. (2004), Anderson (2005)

Insulin

Frederick Banting and Charles
Best

1921

University of Toronto

Treatment of diabetes

Simoni et al. (2002e)

Penicillin

Alexander Fleming

1929

St. Mary’s Hospital
Medical School, London

Antibiotics

Lightman (2005)

Idea to Create an
Extracorporeal
Blood Circuit

John Gibbon

1931

Massachusetts
eral Hospital

Heart-lung machines

Gibbon (1978)

Nuclear Magnetic
Resonance (NMR)

Isidor Rabi, Edward Purcell and
Felix Bloch

1938, 1946
(Existence
of
NMR
in
Solids
(Purcell)
and Liquids
(Bloch) )

Columbia University
(Rabi), Harvard University (Purcell) and
Stanford University
(Bloch)

Nuclear magnetic resonance spectrometer

von Hippel (1988), Gelijns
and Rosenberg (1999)

Nuclear Fission
(Splitting
of
Nuclear Atoms)

Otto Hahn, Fritz
Strassmann, Lise
Meitner and Otto
Frisch

1939

Kaiser
Wilhelm
Institute for Chemistry, Berlin (Hahn
and
Strassmann),
Academy of Sciences,
Stockholm (Meitner),
and University of
Copenhagen (Frisch)

Nuclear energy

Lightman (2005)

Use of Acoustic
Energy for Diagnostic Purposes

John Lynn, Raymund Zwemer,
Arthur Chick and
August Miller

1942

Columbia University
and
Piezo-Electric
Research Laboratories, North Bergen,
New Jersey

Focused ultrasound therapies

Lynn et al. (1942), National Academy of Engineering (2003)

Theory of Maser

Charles
Townes

1951

Columbia University

Laser technologies
equipment

Hora (2000)

Hard
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Table 5.1: Basic Research Ideas, Theories and Prototypes (ctd.)
Invention

(Main)
tor(s)

Flexible
Gastrointestinal
Endoscopy

Inven-

Time of Invention

Institutional
tion

Affilia-

(Potential)
Commercial
Applications

Source

Abraham
van
Heel,
Harold
Hopkins
and
Narinder Kapany

1954

Delft University of
Technology
(van
Heel) and Imperial
College of Science
and
Technology,
London (Hopkins and
Kapany)

Flexible fiber-optic endoscopes

van Heel (1954), Hopkins
and Kapany (1954), Gelijns and Rosenberg (1999)

First Implantable
Cardiac
Pacemaker

Rune Elmqvist
and Åke Senning

1958

Karolinska
Stockholm

Cardiac pacemakers

Elmqvist et al. (1963),
Bunch and Day (2008)

Low-Frictional
Hip Arthroplasty

John Charnley

1960

Manchester Royal Infirmary

Hip surgery and replacement, artificial hip joints

Donald (2007)

Packet Switching
Theory

Leonard
rock

Klein-

1961

MIT

Computer networking

Leiner et al. (1997)

Discovery of the
Australia Antigen
/ Hepatitis B

Baruch Blumberg

1963

National Institutes of
Health

Detection of and vaccination against Hepatitis B

Blumberg (1997)

Computer Mouse

Douglas
bart

1965

Stanford University

Computer mice, graphical
user interfaces

Barnes
(1998)

Landau-de
Gennes
Phenomenological
Theory of the
Nematic Phase

Pierre-Gilles
Gennes

1971

Simon Fraser University / University of
Paris, Orsay

Liquid-crystal technology

Sluckin (2000), Sluckin et
al. (2004), Ajdari (2007),
Brochard-Wyart (2007)

First Whole-Body
Computerized
Tomography
Scanner

Robert Ledley

1973

Georgetown University

Computerized
phy scanners

Sittig et al. (2006)

Recombinant
DNA
(Gene
Splicing, Genetic
Engineering)

Paul Berg, Stanley Cohen and
Herbert Boyer

1972-1973

Stanford University
(Berg and Cohen) and
University of California at San Francisco
(Boyer)

Analysis of evolution and
transmission of diseases
(e.g., cancer), development of drugs (e.g., human
insulin), agricultural applications (e.g., transgenic
crops)

Cohen et al.
(1973),
(2002),
Zucker et al.
Lightman (2005)

Nuclear Magnetic
Resonance Imaging

Paul
Lauterbur and Peter
Mansfield

1973

State University of
New York at Stony
Brook
(Lauterbur)
and University of
Nottingham (Mansfield)

Nuclear magnetic resonance imaging

Lauterbur (1973), Mansfield and Grannell (1973),
Leach (2004)

Human Papillomaviruses Cause
Cervical Cancer

Harald
Hausen

1976

University
of
Erlangen-Nuremberg

Vaccinations against cervical cancer

zur Hausen (1976, 2002)

Engel-

de

zur
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Table 5.1: Basic Research Ideas, Theories and Prototypes (ctd.)
Invention

(Main)
tor(s)

Coronary Angioplasty

Inven-

Time of Invention

Institutional
tion

Andreas Grüntzig

1977

Method of DNA
Sequencing

Allan
Maxam,
Walter
Gilbert
and
Frederick
Sanger

Tissue Engineering

Joseph
and
Langer

(Potential)
Commercial
Applications

Source

University of Zurich

Treatment of cardiovascular diseases

King (1996)

1977

Harvard University
(Maxam and Gilbert)
and Medical Research
Council Laboratory
of Molecular Biology,
Cambridge (Sanger)

Molecular biology, genetic
research, identification of
genetic diseases, determination of unknown DNA
sequences

Maxam
and
Gilbert
(1977), Sanger et al.
(1977), Ahmadian et al.
(2006)

Vacanti
Robert

1988

Children’s Hospital
Boston (Vacanti) and
MIT (Langer)

Creation of replacement
organs and body parts

National Academy of Engineering (2003), Vacanti
(2006)

Theory on Flapping Insect Flight

Charles Ellington

1996

Cambridge University

Micro air vehicles

Ellington et al.
Toon (2001)

Method of RNA
Interference

Andrew Fire and
Craig Mello

1998

Carnegie Institution
of Washington (Fire)
and University of
Massachusetts Cancer
Center (Mello)

Potential application in the
treatment of, for example,
cancer, genetic and viral
diseases

Fire el al. (1998), Aagaard
and Rossi (2007)

Superhard Material Properties of
Wurtzite BN and
Lonsdaleite

Zicheng
Pan,
Hong
Sun,
Yi Zhang and
Changfeng Chen

2009

Shanghai Jiao Tong
University (Pan and
Sun) and University
of Nevada (Zhang and
Chen)

Design and manufacturing
of superhard materials

Pan et al. (2009)
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5.3 Useful relationships
In this subsection we collect several relationships that must hold in every equilibrium.
From (3.5) and (3.9) it follows that

α/(1−α)
Y (t) = α2 /w(t)
A(t)LY (t).

(5.1)

Substituting (5.1) into (3.6) we get
w(t) = α2α [(1 − α)A(t)]1−α .

(5.2)

Substituting (5.2) back into (5.1) we obtain
Y (t) = α2α (1 − α)−α A(t)1−α LY (t).

(5.3)

Combining (3.11) and (5.2) yields
π(t) = (1 − α)1−α α1+2α A(t)−α LY (t),

(5.4)

Rs
From the Euler equation (3.4) one obtains that t r(s′ )ds′ = ln[c(s)/c(t)] + ρ(s − t). ComRs
bining this with (3.21) it follows that t r(s′)ds′ = ln[Y (s)/Y (t)] + ρ(s − t). Substituting
the latter identity into (3.12) and using (5.3) and (5.4) we get
V (t) = Y (t)

Z

+∞
−ρ(s−t)

e

π(s)/Y (s)ds = α(1 − α)Y (t)

t

Z

+∞

e−ρ(s−t) A(s)−1 ds. (5.5)
t

Combining (3.13) and (5.2) yields
LX (t) = [α2 /(1 − α)]LY (t).

(5.6)

Finally, by assuming LA (t) > 0 and combining (3.17)-(3.19), we obtain
σ(t)LA (t) = [1 − τ (t) + σ(t)][τ (t)L − LB (t)].

(5.7)

Equation (5.7) represents the government’s budget constraint in terms of taxes, subsidies,
and the labor shares in the two research sectors in the case where applied research actually
takes place.
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5.4 Proofs
5.4.1 Proof of Lemma 1
First note that both A(t) and B(t) are non-decreasing functions of t. Together with (3.14)
this implies that Ḃ(t) ≥ γB B01−µB Aµ0 B ε > 0 holds for all t ≥ T which, in turn, leads to
limt→+∞ B(t) = +∞.
Now suppose that A(t) remains bounded. We will show that this leads to a contradiction.
As a matter of fact, since B(t) diverges to +∞, the boundedness of A(t) implies that there
exists T1 ≥ 0 such that A(t) < B(t) holds for all t ≥ T1 . Boundedness of A(t) together with
(5.2) implies also that w(t) remains bounded. Using (3.19) and σ(t) ≥ 0 it follows that
wA (t) ≤

[1 − τ (t)]w(t)
≤ w(t)
1 − τ (t) + σ(t)

and we can therefore conclude that wA (t) remains bounded as well. Because A(t) < B(t)
for all t ≥ T1 and because B(t) diverges to +∞ as t approaches +∞, equation (3.16) implies
that, for wA (t) to remain bounded, V (t) must converge to 0 as t approaches +∞. Finally,
since A(t) remains bounded there exists Ã such that A(t) ≤ Ã for all t and, hence, equation
(5.5) implies that V (t) ≥ α(1 − α)Y (t)/(ρÃ). Obviously, this shows that limt→+∞ V (t) =
0 can only hold if limt→+∞ Y (t) = 0. Because of (5.3) and (5.6) this, in turn, requires
that limt→+∞ LX (t) = limt→+∞ LY (t) = 0 as well. Combining this last result with our
assumption that LB (t) ≤ L − ε it follows from the labor market clearing condition (3.18)
that there exists T2 ≥ 0 such that LA (t) ≥ ε/2 > 0 for all t ≥ T2 . It is easily seen from
(3.15) that this implies limt→+∞ A(t) = +∞, which is a contradiction our assumption of
boundedness of A(t).

5.4.2 Proof of Lemma 2
By definition of a BGP equilibrium both A(t) and B(t) must be exponential functions of t.
Moreover, because A(t) ≤ B(t) must hold for all t, we have either A(t) = B(t) for all t ≥ 0
or A(t) < B(t) for all t > 0. In the former case, it is obvious that gA (t) = gB (t) for all
t ≥ 0. In the latter case, equations (3.14)-(3.15) imply that gA (t) = γA LA [A(t)/B(t)]−µA
and gB (t) = γB LB [A(t)/B(t)]µB . Differentiating with respect to t it follows that
ġA (t) = µA gA (t)[gB (t) − gA (t)],
ġB (t) = µB gB (t)[gA (t) − gB (t)].
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Along a balanced growth path it holds that ġA (t) = ġB (t) = 0 so that the above two equations
imply µA gA (t)[gB (t) − gA (t)] = µB gB (t)[gA (t) − gB (t)] = 0. Because both µA and µB are
strictly positive, this can only hold if gA (t) = gB (t).

5.4.3 Lemma 5 and its proof
Lemma 5
(a) The function D(g) is continuous, strictly positive, and strictly increasing for all g ∈
[0, + ∞).
(b) The function F (g,LB ,σ) is continuous, strictly positive, strictly decreasing with respect

to g ∈ [0, + ∞) and LB ∈ [0,L), and strictly increasing with respect to σ ∈ [0, + ∞).
(c) The function H(LB ,σ) is continuous, strictly positive, strictly decreasing with respect to
LB ∈ [0,L), and strictly increasing with respect to σ ∈ [0, + ∞).
Part (a) is obvious from the definition of D(g). Continuity, positivity, and monotonicity
of F (g,LB ,σ) with respect to LB and σ are also obvious. To verify the monotonicity of
F (g,LB ,σ) with respect to g just note that F (g,LB ,σ) = F1 (g)[L − LB + F2 (g,σ)] with
F1 (g) = α(1 − α)γA /D(g) and F2 (g,σ) = (1 − α + α2 )(g + ρ)σL/D(g). It is easy to see
that both F1 (g) and F2 (g,σ) are strictly positive and strictly decreasing functions of g which
proves that F (g,LB ,σ) is also strictly decreasing with respect to g. Finally, part (c) follows
immediately from the definition of H(LB ,σ) and from part (b).

5.4.4 Proof of Theorem 1
(a) If LB = 0, then (3.24) holds trivially and it follows that LB ≤ L̄B . Moreover, from (3.14)
we obtain g = gB (t) = 0 so that condition (3.23) is also satisfied. From now onwards, we
shall therefore assume that LB is strictly positive. Together with Lemma 1 this implies that
LA > 0 holds as well.1
As A(t) and B(t) grow at the common rate g, we must have A(t) = A0 egt and B(t) = B0 egt
where A0 ≤ B0 . If A0 = B0 we have A(t) = B(t) for all t and it follows from equations
(3.14) and (3.15) that
g = γB LB ≤ γA LA .

(5.8)

The BGP property implies also that A(s) = A(t)eg(s−t) . Substituting this into (5.5) one
1

Constancy of LX and LY together with limt→+∞ LX (t) = limt→+∞ LY (t) = 0 would imply that
LX = LY = 0. This would imply Y (t) = c(t) = 0, which is ruled out by Definition 1. Hence, Lemma 1
implies that limt→+∞ A(t) = +∞, which is only possible if LA > 0.
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obtains
V (t) =

α(1 − α)Y (t)
.
(ρ + g)A(t)

(5.9)

wA (t) =

α(1 − α)gY (t)
.
(ρ + g)LA

(5.10)

Next we claim that

To prove this claim, we distinguish the two cases A0 = B0 and A0 < B0 . In the first case,
equation (5.10) follows from using (5.8) and (5.9) in (3.16). In the second case, we use
equations (3.14) and (3.15) to obtain
g = γA LA (A0 /B0 )−µA = γB LB (A0 /B0 )µB .

(5.11)

Combining (3.16) with (5.9) it follows that
wA (t) =

γA α(1 − α)(A0 /B0 )−µA Y (t)
.
ρ+g

Using the first equation in (5.11), it is easy to see that the above equation coincides with
(5.10).
Substituting (5.3) into (5.10) one can see that
wA (t) =

α1+2α (1 − α)1−α gA(t)1−α LY
.
(ρ + g)LA

Substituting this together with (5.2) into (3.19) we obtain after simplifications
αg(1 − τ + σ)LY = (1 − τ )(g + ρ)LA .

(5.12)

Equations (3.18), (5.6), (5.7), and (5.12) form a system of four equations in the variables
LA , LX , LY , and τ . It is straightforward to verify that the only solution of this system that
satisfies the conditions τ < 1, LX > 0, and LY > 0 is given by
LA = α(1 − α)g[D(g)(L − LB ) + (1 − α + α2 )(g + ρ)σL]/D(g)2 ,
LX = α2 (g + ρ)[D(g)(L − LB ) − α(1 − α)gσL]/D(g)2,

(5.13)
2

LY = (1 − α)(g + ρ)[D(g)(L − LB ) − α(1 − α)gσL]/D(g) ,
τ = [D(g)LB /L + α(1 − α)gσ]/D(g).
Now we consider again the two cases A0 = B0 and A0 < B0 separately. In the former case,
condition (5.8) implies g = γB LB and g ≤ γA LA . Using the expression for LA from (5.13)
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we can rewrite the inequality g ≤ γA LA as F (g,LB ,σ) ≥ 1. Because of g = γB LB this
is equivalent to H(LB ,σ) ≥ 1. Due to the monotonicity of H and the definition of L̄B this
implies that LB ≤ L̄B and the proof of the first line in (3.23) is complete.
In the case where A0 < B0 , we can solve the two equations in (5.11) to express g and A0 /B0
in terms of LA and LB . This yields in particular
g = [(γA LA )µB (γB LB )µA ]1/(µA +µB ) .
Substituting the expression for LA from (5.13) into this equation shows after simple algebra
that F (g,LB ,σ) = [g/(γB LB )]µA /µB , which implies that g = ḡ. Furthermore, because of
A0 < B0 , µA > 0, and µB > 0, it follows from (5.11) that γA LA < g < γB LB . Substituting
the expression for LA from (5.13) into the first of these inequalities yields F (g,LB ,σ) < 1.
Because F (g,LB ,σ) is strictly decreasing with respect to g and because g < γB LB this
implies H(LB ,σ) < 1 or, equivalently, LB > L̄B . This completes the proof of the second
line in (3.23).
The fact that equation (3.24) holds is obvious in the case A0 = B0 and follows from (5.11)
in the case A0 < B0 . To complete the proof of part (a) we just note that (3.21) and (5.3)
imply that gY (t) = gc (t) = (1 − α)g. Using this in (3.4), we see that r = (1 − α)g + ρ.
(b) In order to prove this part of the theorem, we use the equilibrium conditions to construct
the equilibrium. Since most of the details of this construction are trivial, we focus on the
less obvious steps. First of all, let g ∈ [0, + ∞) and LB ∈ [0,L) be arbitrarily given and
consider the numbers LA , LX , LY , and τ defined by (5.13). It is straightforward to see that
the conditions LA ∈ [0,L), LX ∈ [0,L), LY ∈ [0,L), and τ ∈ [0,1) hold if and only if (3.25)
is satisfied.
Now we use the values defined by (5.13) to compute the remaining endogenous variables
from equilibrium conditions like (5.2)-(5.5). Having done that, we can check whether all
remaining equilibrium conditions stated in Definition 1 are also satisfied. This is indeed the
case if g satisfies (3.23). In particular, it follows from (3.20) and (5.9) that ga (t) = gY (t) =
(1 − α)g, which shows that (3.3) holds as an equality if and only if r > (1 − α)g. The latter,
however, is true because of r = (1 − α)g + ρ.

5.4.5 Proof of Lemma 3
We have already shown in the main text that limµB →0 g = γB LB . To prove the second statement, we observe that it follows from (3.22) and (3.24) that A(t)/B(t) = F (ḡ,LB ,σ)1/µA
whenever LB > L̄B . Now consider the limit as µB approaches 0. As has been shown
above, it holds that ḡ approaches γB LB and, hence, it follows that A(t)/B(t) approaches
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F (γB LB ,LB ,σ)1/µA = H(LB ,σ)1/µA which, by the very definition of L̄B and the monotonicity of H(LB ,σ), is strictly smaller than 1 whenever LB > L̄B .

5.4.6 Proof of Lemma 4
¯ it is easy to see that L̄ = 0 is equivalent to L̄
¯ ≤ 0.
(a) Using (3.28) and the definition of L̄
B
B
B
Now suppose that L̄B > 0, that is, H(0,σ) > 1. In this case it follows from the definitions
¯ that we have
of L̄B and L̄
B
¯ ,σ).
F (γB L̄B ,L̄B ,σ) = H(L̄B ,σ) ≥ 1 = F (0,L̄
B
Because of the strict monotonicity of F (g,LB ,σ) with respect to g and LB and because of
¯ . This completes the proof of
0 < γ L̄ it follows from the above inequality that L̄ < L̄
B

B

B

B

part (a).
¯ we can write (3.29) as
(b) Because of the definitions of F (g,LB ,σ) and L̄
B

ḡ =



 ḡ¯

 0

¯ ,
if LB < L̄
B
¯ .
if LB ≥ L̄
B

Combining this with (3.23) and the results stated in part (a) of this lemma we obtain part (b).
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