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ABSTRACT

An inventor's own knowledge is a key input in the innovation process. This knowledge can be
built by interacting with and learning from others. This paper uses a new large-scale panel dataset
on European inventors matched to their employers and patents. We document key empirical facts
on inventors' productivity over the life cycle, inventors' research teams, and interactions with
other inventors. Among others, most patents are the result of collaborative work. Interactions
with better inventors are very strongly correlated with higher subsequent productivity. These facts
motivate the main ingredients of our new innovation-led endogenous growth model, in which
innovations are produced by heterogeneous research teams of inventors using inventor
knowledge. The evolution of an inventor's knowledge is explained through the lens of a diffusion
model in which inventors can learn in two ways: By interacting with others at an endogenously
chosen rate; and from an external, age-dependent source that captures alternative learning
channels, such as learning-by-doing. Thus, our knowledge diffusion model nests inside the
innovation-based endogenous growth model. We estimate the model, which fits the data very
closely, and use it to perform several policy exercises, such as quantifying the large importance of
interactions for growth, studying the effects of reducing interaction costs (e.g., through IT or
infrastructure), and comparing the learning and innovation processes of different countries.
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DANCING WITH THE STARS:

1 Introduction

Only a handful of ideas turn out to be transformative. Thomas Edison, Alexander Bell, or Nikola
Tesla — all are familiar names thanks to the transformative inventions they introduced into our lives.
When it comes to how these ideas are actually generated, the R&D investments behind them are only
the tip of the iceberg. The inventor himself — with his own knowledge and human capital - is a key
input. An entire process of knowledge accumulation by an inventor underlies the production of these
new ideas. Inventors build their knowledge over time by interacting with others and learning from
them. Universities, companies, and other research institutions try to create as many opportunities as
possible for such interactions, from the informal common coffee room chat to formal international
conferences. When it then comes to the production stage of ideas, inventors form research teams of
varying sizes and use their knowledge to create ideas of heterogeneous qualities. These ideas lead
to improved technologies and products, and, ultimately, translate into economic growth.

These observations lead to the following questions which we attempt to answer in this paper:
What is the right theoretical framework that embeds interactions and knowledge diffusion at the
inventor level into an innovation-based growth model? How can we micro-found the production
of innovations at the level of inventors and research teams in a way that is disciplined by the data?
How can we capture the processes through which inventors further develop their knowledge and
productivity, which then translate into new ideas or innovations? Empirically, based on data on in-
ventors, their interactions, and their innovations, what is the quantitative importance of interactions
with others relative to other learning channels for individual productivity and growth?

To answer these questions we bring together the recent knowledge diffusion models and innovation-
based growth models. Empirically, we need detailed data on who interacts with whom, on their
preceding and resulting productivity, their innovation and research teams. While such data is very
challenging to find, we make use of brand-new data that allows us to bring empirics to what is
thus far a mostly theoretical literature on diffusion, namely panel data of the universe of European
inventors who patent and all European patents. Therefore, our contributions are both theoretical
and empirical.

In our theoretical contribution, presented in Section 2, we build a new model with learning and
human capital formation through interactions (i.e., knowledge diffusion) nested inside an innovation-
based growth model.! The existing literature has focused mostly on the role of either innovation or
knowledge and human capital accumulation as explanations for economic growth. Our analysis
highlights the importance of individual inventors” human capital for innovation, therefore combin-

ing these two important forces for economic growth into a single framework.

Figure 1 provides a schematic illustration of our theory. Viewed through the lens of the innovation
based growth literature to the left, our model opens up the black box of ideas, which is represented
by the “step size” of innovation A and micro-founds this innovation production process at the re-

search team levels, where individual researchers” heterogeneous productivities evolve endogenously

1The knowledge diffusion model is inspired by Kortum (1997), Lucas (2009), Luttmer (2007), Lucas and Moll (2014),
Perla and Tonetti (2014), and Konig, Lorenz, and Zilibotti (2016) among many others, while the innovation models are
(Aghion and Howitt, 1992; Jones, 1995; Grossman and Helpman, 1991; Klette and Kortum, 2004; Aghion, Akcigit, and
Howitt, 2014). We defer the detailed discussion of the related literature to Section 1.1.
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F1GURE 1: COMBINING INTERACTION-BASED AND INNOVATION-BASED GROWTH MODELS

Innovation-based growth Interaction-based growth
Aggregate productivity A(f) Innovations produced by
evolves through innovation: research teams

A(t+dt) = (14+A)A(t) = A(t) +4(¢) /
q(t) = AA(t) = innovation < > q(t) = z(t)ﬂn(t)l—ﬂ

—
'
Inventors” human capital/
knowledge

Output: Y(t) = F(A(t),L(t))

— evolves through diffusion

through interactions and knowledge diffusion. Viewed through the lens of the diffusion literature to
the right, the endogenous interactions of researchers and knowledge diffusion contributes to their
accumulated human capital (knowledge stock) or individual productivity z. Knowledge itself is
not directly used to produce the output, but instead is first used inside research teams to create an
idea or innovation. These in turn improve aggregate productivity through the step size. Knowl-
edge is diffused among others through interactions; and more knowledge leads to the production of
higher-quality innovations.

Our empirical contribution is to bring new data to a mostly theoretical literature. We leverage
new large-scale micro data that allows us to give empirical content to our theory. It is difficult and
rare to find a dataset that tracks many individuals, their productivity, and their interactions over
time. We manage to do so thanks to the new panel data of European inventors with all European
patents. Despite the fact that not all innovations are patented, our data carries information on
millions of inventors who are responsible for a significant share of innovation around the world,
which makes it very valuable for our purpose. A very recent special feature of our data is that
inventors’ names are uniquely disambiguated in order to turn the patent data into an inventor-
level panel data. This major step allows us to observe and study the innovation and interaction
histories of 826,878 inventors. In addition, inventors are carefully matched to their firms. There is
also a compelling representation of numerous countries. In particular, we are able to quantify the
productivity of individuals using the quality of their innovations over their life cycle. We can also
measure interactions in several meaningful ways, such as past co-inventors, inventors in the same
firm, and inventors in the same geographical region.

The data serves two major purposes in dialogue with our theory: First, it guides the key compo-
nents of our theory and; second, it allows us to estimate the model and quantify the effects at play,
and the impacts of changes. The model is disciplined by our main findings in the data — discussed

in Section 3— which are used as building blocks:

1. Most patents are the result of collaborative work and produced by teams of heterogeneous

sizes. The team size distribution is right-skewed.

2



DANCING WITH THE STARS:

2. Interactions among inventors are strongly correlated with higher subsequent inventor produc-
tivity (i.e., inventor innovation quality), even after including several detailed controls, such as

inventor fixed effects. Inventors learn from each other to produce better innovations.

3. Interactions with inventors better than oneself are even more strongly correlated with higher

subsequent productivity.

4. We observe a concave life-cycle profile of inventor productivity. This resembles the general
earnings or wage life cycle profile documented by labor economists for other types of agents:
First sharply increasing, then flattening. Through the lens of the model, inventors accumulate
knowledge and become more productive over time, exactly according to this concave path.

5. Research productivity is positively associated with age, even after controlling for interactions
with others and numerous controls. Thus, in our model, interactions should not be the only
source of productivity improvements. We need to introduce an “external learning” channel,

which serves as a catch-all for learning-by-doing, experience, or individual discovery.

Grounded in these empirical facts in our new data, our model can be viewed in more detail, but

still at a single glance in Figure 2.

Building up from the individual inventor level (the bottom of the figure), inventors can learn,
i.e., improve their productivity in two ways: They endogenously choose a meeting rate with others
(interactions) at a search or effort cost, and they have access to an external, exogenous channel
(which captures learning-by-doing, experience, individual discovery, etc.). In every period, given
their realized productivity after learning, inventors form teams. To do so, they endogenously decide
whether to become team leaders, who hire other inventors to their teams and reap the profits from
innovation, or team members — earning the skilled researchers” wage. This endogenous occupational
choice induces a realistic team structure that mirrors the data and which will match the empirical
team size distribution. Research teams produce innovations of heterogeneous qualities, increasing
in the team leader’s productivity and in the team size. These innovations are sold to final good
producers, who use them to increase their TFP and produce output. The growth in aggregate

productivity, or TFP, every period will be the total innovation quality produced by research teams.

In our quantitative contribution, we map the theoretical model back to the data and estimate it
via the simulated method of moments and indirect inference based on 86 distinct moments from the
micro inventor data. As described in Section 4, we obtain an extremely close fit to the data — despite
being highly over-identified — and are able to match very well some non-targeted moments.

We then put our estimated model to use and perform four quantitative policy exercises in Section
5: Shutting down interactions vs. external learning, reducing the search costs of meeting others,
and reducing access to outside information (excessive agglomeration). We find that interactions
with others are quantitatively very important for improving inventors” productivity and, ultimately,
for economic growth. In addition, there is a strong complementarity between access to external
knowledge and learning from others: If others around oneself learn more from outside sources and
then interact more, one will end up interacting with more knowledgable people and learning more

as well. We also estimate the model separately for the two major patenting countries: The U.S. and

3



INNOVATION THROUGH INTERACTIONS

Germany. We show that these two countries have very different learning environments, which map
into different lifecycle evolutions of research productivity, thus also confirming findings on the wage
lifecycle profiles in these two countries (Lagakos, Moll, Porzio, Qian, and Schoellman, 2017, 2018).

FIGURE 2: SUMMARY OF THE MODEL
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1.1 Related Literature

On the theoretical side, our paper combines two strands of the economic growth literature: Innovation-
based models, and technology or knowledge diffusion models.

The innovation-based endogenous growth models of Aghion and Howitt (1992), Romer (1990),
Jones (1995), Grossman and Helpman (1991), Klette and Kortum (2004) view innovation as the result
of costly investments. Innovation improves aggregate TFP.?

In the technology or knowledge diffusion literature, the focus is mostly on imitation and technol-
ogy adoption, rather than on the production of innovation per se. “Innovation” in these models is
most often modeled as a draw from an exogenous distribution (or a stochastic shock to productivity)
in contrast to “imitation” or “technology adoption,” which are a draw from the endogenous tech-
nology distribution of firms (incumbents) or agents in the economy. Kortum (1997) builds a model
of technological change where researchers sample ideas from a common distribution and pioneered
the use of sources of ideas with fat tails that generate unbounded growth. Lucas (2009) introduces
interactions between people who share ideas and a cohort structure. The starting distribution of
productivities is unbounded and fat-tailed, so that even if agents only learn from each other, there
can be sustained long-run growth.

More closely related to our work are the recent papers by Lucas and Moll (2014) and Perla and
Tonetti (2014). Lucas and Moll (2014) allow for an endogenous resource allocation to production vs.
interactions (i.e., imitation). They characterize the extent to which search and imitation externalities
reduce welfare.®> Staley (2011) extends the Lucas model by allowing each agent’s productivity to
experience stochastic shocks (termed “individual discovery”). Perla and Tonetti (2014) also feature a
trade-off for firms between producing and paying a search cost to upgrade one’s technology through
imitation, with the least productive firms choosing to imitate. Again, a thicker tailed productivity
distribution leads to more growth (see also Benhabib, Perla, and Tonetti (2014)).

An interplay between innovation and technology diffusion is also explored also in Luttmer (2007,
2012, 2015). The second of these papers presents a growth model of imitation and selection where
entrant and incumbent firms can imitate incumbents and there are Brownian shocks to productivity,
which lead to firms remaining heterogeneous despite imitation.* In the third paper, agents can
make stochastic individual discoveries, yet also learn from others. Agents with more knowledge
are teachers, while the others are students; higher ability students are assigned to more productive
teachers. The resulting assortative matching will lead to significant differences in earnings.

Most tightly related are the very recent papers by Konig, Lorenz, and Zilibotti (2016) and Ben-
habib, Perla, and Tonetti (2017). Benhabib, Perla, and Tonetti (2017) propose a model that does not
use an infinite support assumption, but which features an endogenously expanding finite techno-

logical frontier through innovation. Firms choose between innovating, adopting technology, or pro-

2See Aghion, Akcigit, and Howitt (2014) for a survey of the creative destruction literature and Akcigit and Kerr (2017)
for a recent example.

30ne of the focal points in the technology diffusion literature has been to what extent the models can endogenously
generate unbounded growth. In these imitation models, since agents can only improve by imitating others around them,
the productivity distribution would end up converging to a degenerate distribution with full mass at the most productive
type. To avoid this, it is typically assumed that the initial productivity distributions have fat tails so that imitation (or
interaction) opportunities never get exhausted.

“This is an alternative to the Lucas and Moll (2014) assumption that the stock of ideas is never exhausted.
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ducing. In Konig, Lorenz, and Zilibotti (2016), firms can improve their heterogeneous productivities
through two channels: Expanding resources on producing innovations — which generate stochastic
productivity improvements, or imitating other firms. Imitating firms are randomly matched to oth-
ers and may succeed in adopting (i.e., imitating) their technology. Firms choose whether to innovate
or imitate depending on their position in the productivity distribution, with firms further away from
the frontier choosing to imitate. They obtain convergence to long-run growth even from limited
initial heterogeneity: Firms who are close to the frontier choose to innovate, which allows them to
draw a new productivity that does not come from the existing pool of ideas.

Diffusion and innovation across countries, as a function of their distance to the frontier, is also
explored in Acemoglu, Aghion, and Zilibotti (2006) and Benhabib, Perla, and Tonetti (2014).

In the trade literature, Alvarez, Buera, and Lucas (2017) and Buera and Oberfield (2016) develop
semi-endogenous growth models, in which trade favors the international diffusion of technologies
(see also Alvarez, Buera, and Lucas (2008)). Perla, Tonetti, and Waugh (2015) study the effects of
opening up to trade on growth in a model where technology diffuses and heterogeneous firms can
choose to adopt already existing technologies.

Our first main contribution is to bring empirical content to this class of models and is made
possible by a new panel data on European inventors. The data both guides the main features of
our model and enables us to quantify it. Regarding the theory contribution, note that in these
papers, it is directly the technology used in production that is diffused. Technology is improved
either through innovation (modeled as external draws or productivity shocks) and/or imitation
(modeled as draws from the endogenous distribution). Instead, in our model the diffusion is of
knowledge itself. Individual learning and discovery (external draws), and interactions (endogenous
distribution draws) are two ways of diffusing knowledge. This is then used by research teams to
produce ideas (“innovations”), which improve the technology of production and expand the finite
technology frontier. Thus, the innovation-based growth models and diffusion models are truly linked
and connected in our framework. We also model the micro-structure of the innovation production
by introducing endogenously formed research teams as in the data, and a lifecycle of researchers.

On the empirical and quantitative side, we relate to several strands of the literature. The large
and growing importance of teams for research has been documented in many empirical papers, re-
cent examples of which are Wuchty, Jones, and Uzzi (2007), Jones, Wuchty, and Uzzi (2008), Azoulay,
Fons-Rosen, and Zivin (2015), and Jaravel, Petkova, and Bell (2017). Jones (2009) in particular shows
that “the burden of knowledge” over the past 50 years has increased and that, as a result special-
ization and teamwork have gained in importance. The relation between the life cycle stage (age)
of inventors and research outcomes is also very important in the data, as documented by Jones
(2010), who estimates shifts in life-cycle productivity of inventors and shows that they have become
less productive at younger ages (see also Jones and Weinberg (2011)). We also are aligned with a
copious empirical literature documenting technology spillovers (a prominent example of which is
Bloom, Schankerman, and Van Reenen (2013)) by offering one possible explanation for why such
spillovers may occur, namely, interactions between researchers. Our model can be used to study the
effects of IT on the spread of knowledge and productivity as documented by Bloom, Sadun, and

Reenen (2012) by modeling the latter as a reduction in the costs of interactions (see our analysis in

6
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Section 5). Finally, our setting can also provide a microfoundation (see Section 5) for the heteroge-
neous productivity and life cycle profiles observed among skilled workers across different countries
as documented in Lagakos, Moll, Porzio, Qian, and Schoellman (2017) and Lagakos, Moll, Porzio,
Qian, and Schoellman (2018).

2 Model

In this section, we develop a model of innovation and growth through learning and interactions. We
first lay out the model and then solve for the equilibrium on a balanced growth path. Because it
facilitates comprehension of the main forces and patterns, we at times solve for intermediate steps

and optimizations as we go.

2.1 Brief Model Overview

Figure 2 gives a brief schematic overview of the model’s structure. There are two sectors in the
economy: A research sector that produces ideas (i.e., innovations) and a goods’ production sector
whose output is the final consumption good. There are two types of workers: skilled research
workers who produce innovations and unskilled labor used in production, with no endogenous
transition between these two types.

We start (at the top of the figure) from a standard innovation-based growth model in which
aggregate quality A(t) evolves according to

0A(t _

85) = AA(t)
where A is the so-called “step size.” This standard part is captured here by the goods production
sector, in which final goods producers purchase the innovations (or ideas) from research teams and
combine them with unskilled labor to produce the final good. Our contribution is to explicitly open
up the black box of productivity growth and to model how the aggregate productivity improvement
AA(t) is produced through research teams in the research sector.

In the research sector, skilled workers of heterogeneous productivities decide whether to become
team leaders or team workers; the most productive researchers become team leaders. Team leaders
form research teams and hire team workers to produce an innovation or idea, the quality of which
is a function of the team leader’s productivity and the team size.

Finally, the heterogeneous productivities of research workers evolve endogenously over time as
a result of learning, through two channels: Endogenous interactions, i.e., by meeting others and
acquiring their knowledge, and an exogenous external learning source.

In this way, we combine the knowledge-diffusion (or human capital-based models) with the
innovation-based growth models. Researchers acquire knowledge and diffuse it by meeting others,
and that knowledge is used to produce innovations which push the technological frontier.”

5Thus, researchers’ productivity and knowledge is different from the technology used in production of Lucas and Moll
(2014) and the other papers described in Section 1.1. Here, productivity of researchers is research-related knowledge,
which needs to go through the process of innovation by teams in order to be converted into technology, i.e., into an

7



INNOVATION THROUGH INTERACTIONS

2.2 Final Good Producers

There is a continuum of infinitely lived final good producers indexed by i € [0, 1]. Their production

function is:

where L; is production (unskilled) labor and A; is their total factor productivity (TFP), A;. The total
final good produced for consumption in the economy is:

v = [ wlt)ai

A final good producer can improve his factor productivity A;(t) by purchasing innovations of vary-
ing qualities from the research teams. The process through which research teams produce ideas is
described in detail below. A final good producer who purchases an innovation of quality g from
research teams can improve his current factor productivity A;(t) by the increment q. This “market
for ideas” can be modeled in many different ways without affecting our results (see below). Without
loss of generality, the price of the final good is normalized to 1. The wage of unskilled production
workers is w, (), and the total supply of unskilled workers is 1.

At any instant ¢, a final good producer with existing factor productivity A;(t) chooses a level
of unskilled labor L;(t) by solving the (static) maximization problem max;,{A;(t)*L} * — wy (t)L;}.
This yields the optimal unskilled labor input choice:

L =S L)

wy (1)

The flow profits of the final good producer are thus:

From the first order conditions and using the labor market clearing for unskilled labor for all ¢,

fol Li(t)d; = 1, we also obtain that:

wy(t) = A()*(1—a);  Li(t) = 5. yilt) =

where

is total aggregate factor productivity (or, TFP). Aggregating across all producers, we obtain the total

final good produced as a function of aggregate quality:®

Y(t) = A(t)".

increase in aggregate productivity or TFP A.
®Note that if the level of unskilled labor were instead L, we would have Y (t) = A(t)*L.
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The market for ideas on a balanced growth path

It will help to explain here how the market for ideas works, even though it requires anticipating
some results presented later and assuming the economy is on a balanced growth path (which will
be our focus throughout). The goal here is to show that it is irrelevant for aggregate productivity
and growth in equilibrium, which final good producer purchases which team’s innovation, and that
the change in aggregate productivity will — under all surplus sharing rules — be equal to the sum of
the qualities of the innovations produced by research teams.

We can show that, on a balanced growth in which aggregate productivity and the unskilled
wage grow at a constant rates, the value of any final good producer will be linear in his productivity
A;(t). More precisely, in Appendix A-1, we demonstrate that the value of a final good producer with
productivity A;(t), on a balanced growth path on which the wage w,(t) grows at constant rate g
and given interest rate 7 is:

_ ®
+TA(H)" where v=—+——, and 7 is constant.

[” + 1?70‘8 w]
The surplus or change in value from buying an idea quality g from research teams is thus:

AVi(t) = A(f)’l,xq
This surplus has to be shared between the final good producer and the research team. In fact,
the exact market structure in the market for ideas will be irrelevant. This is because the value
function is linear in A;(t) for all i, so that the return to an additional unit of productivity is the
same across all final goods producers and independent of their current level of factor productivity
A;(t). Thus, regardless of which final good producer purchases which team’s innovation — and of
how the surplus is shared — aggregate productivity growth will be the same.” We can for instance
assume that final goods producers are randomly matched to research teams and that the research
team receives a fraction B of the value generated. The price per unit of innovation quality is then
simply: p = ﬁﬁ For all surplus sharing rules, the change in aggregate productivity equals the
sum of innovation qualities produced by research teams. If research team j produces innovation

quality g;, then:

ot i ot

QA(t QA;(t :
]

This completes the link between the research sector — which develops, then sells innovations— and

the production sector — where those innovations are bought, then used to produce with higher factor

productivity.

7Since there is a fixed number of researchers and no extensive margin switches between skilled and unskilled labor,
the wage of skilled workers will scale with the price of innovation and the latter will not affect the optimal innovation
intensity of research teams.
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2.3 Research Teams

In the research sector, researchers produce innovations of varying quality. At a given time ¢t all
researchers have heterogeneous innovation productivities, z(t) € [0, o), distributed according to a
cumulative density function F(z,t). Variable z(t) can be called human capital or researcher knowl-
edge. Researchers endogenously group into research teams, which consist of a team leader and n team
members (or team workers). Each researcher inelastically provides one unit of labor. A team leader

with productivity z who hires n members produces an idea of quality g, where:
g =zl (2)

The quality of ideas thus increases in the team leader’s productivity and in the number of members.
We use 11 € [0,1] to denote the team leader’s span of control (as in Lucas (1978)). Let the wage
of research team members at time ¢ be denoted by w(t). The price at which each unit of idea or
innovation quality can be sold is p(t).” A team leader with productivity z chooses the number of
members n that maximize his profits,

max p(t)z} "n — w(t)n.

n>0
The optimal number of members that a team leader with productivity z hires at time ¢, n(z,t), the
idea quality produced g(z,t), and profits 77(z, t) are given by:

1 7 e
_ (PO _ (PO _ AOUARI
n(z,t) = (w(t) ) z; q(z,t) = (w N z; n(z,t) = p(t) w () (I—n)z. (3)
More productive team leaders have more researchers in their team, produce better quality ideas, and
make larger profits.

Occupational choice

An individual with productivity z can decide whether to become a team member or a team leader.
If he chooses to be a member, he receives wage w(t) for skilled workers in exchange for his unit of
labor. On the other hand, if he chooses to be a team leader, he receives profits 77(z,t) from building
a research team and producing ideas.

An individual of productivity z chooses to be a team leader if the profits he would make are

larger than the wage he would receive as a team member, i.e., if
7t(z,t) = max{w(t), 7(z,t)}.

Since 7t(z, t) is an increasing function of z, and 7(0,t) = 0 < w, there exists a cutoff Z(t) such that
any individual z(t) > Z(t) chooses to be a team leader, and any individual z(t) < z(t) chooses to be

8The productivity distribution will be endogenized below.
9This price is determined in the final goods market according to some surplus sharing rule, i.e., some market structure,
as described in Section 2.2.
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a member, as illustrated in Figure 3. The relation between the wage and the cutoff is:

— = = (1 =) Iyl (4)

F1GURE 3: OccuPATIONAL CHOICE: TEAM LEADERS AND TEAM MEMBERS

F(z,t)

Team Leader

(7e(z, 1))

We can use the labor market clearing conditions to solve for the productivity cutoff Z(¢) by setting
the labor supplied by team members to be equal to the labor demanded by team leaders:

F(2(t),4) = / :) n(z, ) f(z, t)dz,

or, substituting for the wage from equation (4):
(1= maOFE0,) =0 [ 2f(e iz (5)

For any productivity distribution F(-,t) and span of control parameter 77 € (0, 1), there exists a cutoff
z(t) that solves (5).!°

There are two limit cases. When the team’s product grows linearly in the number of members,
i.e. # — 1 so that there is perfect span of control for the team leader, the productivity cutoff Z — oo.
This implies that only the most productive agent would be a team leader and hire everyone else as
workers. Conversely, if 7 — 0, the span of control becomes very restrictive and the productivity
cutoff Z — 0. Each team will then consist of only the team leader himself.

10This is because the left-hand side is equal to zero at z(t) = 0 and is increasing in zZ(t), while the right-hand side is
equal to the average productivity when z(t) = 0, is decreasing in Z(t), and converges to 0 as zZ(t) — oco.
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Team size distribution

The model produces a non-degenerate team size distribution, which will be one of the moments we
will target in the data. Let F(n,t) denote the cumulative distribution function of team size. For all

n > (%) o zZ(t), the team size distribution is related to the productivity distribution through:

F ((;’g;) T, t) —F(2(t), 1)

F(n,t) =Pr{n(z,t) < n|z(t) > z(t)} = 1—F(z(t),t)

2.4 Learning and the Evolution of the Productivity Distribution

We now describe how inventors “learn”, i.e., improve their productivity z over time. The cumulative
distribution of productivity of an individual of age s born in period t; is G(z, s, t,). When individuals
are born, they draw from a non-degenerate initial distribution, G(z, 0,tp), ¥z, tp. Individuals die at a
rate 6, which implies that the age distribution is stationary, with cumulative probability distribution
Q(s) = 1 —e7% over [0,00). Throughout their life, individuals can learn in two ways: through

endogenous interactions with others and through external, individual sources.

External or individual learning: The external or individual learning channel captures the possibility
of an individual improving his productivity even without meeting other individuals. At a general
level, this is a catch-all term for all learning that occurs outside of interactions, such as learning-by-
doing, learning through general work experience, reading, and individual discovery. This ingredient
makes the model more realistic per se; in reality, individuals can learn on their own and in the
data, productivity is strongly correlated with age, even after controlling for interactions (see Section
4). In addition, introducing a learning channel other than interactions with others is key for the
quantitative analysis. It allows us to empirically quantify the importance of each of the two learning
channels for growth, without mechanically loading all productivity improvements on the interaction
channel. Put differently, we give the model the chance to show that interactions do not matter for
productivity improvements.

Learning from the external source occurs through a Poisson process. With arrival rate my, an
agent gets a productivity draw from an exogenous distribution of E(z, s, t). For generality, the latter
is allowed to depend on an agent’s age s, as well as on calendar time ¢; how much an agent is able to

learn from external sources can change over time and can be different for younger and older agents.

Endogenous learning through interactions: The second way in which individuals learn is by inter-
acting with others. Meetings occur at a Poisson arrival rate (mp), which is endogenous and will be
chosen optimally by agents. When individual i meets individual j, he comes out of the meeting with

the max productivity among them, i.e, after i meets j in the time interval At:!!

zi(t+ A) = max{z;(t), z;(1)}.

1 As in Lucas and Moll (2014) and the other papers described in Section 1.1, these meetings are not assumed to be
symmetric, although this is a feasible extension.
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Evolution of Individual Productivity:

For a small time interval As, the probability that an individual born in period t, and of age
s + As has productivity no greater than z, is equal to the probability that he starts from productivity
no greater than z at time t, + s and, during the time interval As, either i) meets no other agent and
gets no draw from the external learning source, or ii) meets someone, but with lower productivity
than his, iii) or gets a draw from the external learning source that does not teach him anything (i.e.,

a draw lower than or equal to z). Formally:
G (z,5+ As, ty) = G(z,5,t) (1 — mpAs — mxAs + mpAsF (z,t, +s) + mxAsE (z,s,t, +5)) + 0(As)

where 0(As) represents the second-order terms that vanish as As — 0. Taking the limit as As — 0
yields the law of motion for a cohort born at time #;:

d log((}(z, S, tp))
Js

= —mp(1 —F(z,tp +5)) —mx(1 — E(z,s,tp +5)). (6)

We can use the change of variable t = t, + s to map age and birth data into calendar time. Let
G(z,s5,t) := G(z,5,t — s) denote the cumulative probability distribution of an individual of age s at
calendar time ¢. Taking the limit as As — 0, integrating, and using the change of variable yields:

log G(z,s,t) = —mD/S(l—F(z,t—s—i—r))dr—mx/s(l—E(Z,T,t—s+T))dT+logG(z,0,t—s). (7)
0 0

The cross-sectional age-conditional and unconditional productivity distributions are related through:

F(z,t) = /OOOG(z,s,t)dQ(s). ®)

Choosing the endogenous meeting rate mp:

Meeting others is costly and requires time and effort. At the beginning of their lives, individuals
choose the rate at which they meet others, mp optimally, weighting the cost and benefits of interac-
tions. The cost of achieving a meeting rate mp is given by C(mp, t) and can depend on calendar time.
The exogenous interest rate is r. Hence, at time ¢, the expected payoff from choosing an interaction
rate mp of an individual of age s, across all possible realizations of productivity z, is:

z(t) 00
W(mp,s,t) = / w()dG(z, 5, t) + / , M@ 04G (5, 1) = Clmp, 1), )
0 2(t
and the individual born at time f; chooses his meeting rate mp so as to maximize his lifetime utility:

max V(mp, tp) :/ e_(”‘s)sW(mD,s, ty +s)ds, (10)
0

mp

subject to (7),(8), and (9).

Note that, in our model, interactions are distinct from working in teams. Put differently, the
learning or knowledge diffusion stage is distinct from the idea production stage in teams; both

occur each period. In the empirical analysis in Section 3, we thus provide several measures of
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interactions, such as inventors in the same firm or region. This feature, which could be generalized
in future work, is done to stick with the tradition of pairwise learning that has been prevalent in the

literature, and which is much more tractable.

2.5 Balanced Growth Path

We now characterize the balanced growth path of the economy, on which the economy’s growth rate
is constant and all quantiles of the productivity distributions grow at the same rate g (following a
“travelling wave” pattern).!?> Let de-trended productivity be denoted by x = ze~&!. On the BGP, the
age-conditional cumulative probability distribution is I'(x,s) and the cross-sectional distribution is
®(x) (with density ¢(x)) such that, for all z,s,¢t > 0:

I'(x,s) = G(z,5,t) and  &®(x)=F(z,t), where x:=ze &

Assumption 1. On the BGP, the exogenous learning distribution E(z,s,t) is invariant, i.e., there is a distri-
bution ¥ (x, s) such that, for all t, s, and z, ¥ (x,s) = E(z,s,t) with x = ze™ 8",

The de-trended cutoff ¥ := ze ¢! is constant along the BGP, since all quantiles of the productivity
distributions grow at the same rate g. The labor market clearing real wage is given by:

w(t) _ wo o1y . wo 1y, 1—
— = —e with —=(1- Ty x* 1, (11)
P~ po po T
and the unique de-trended cutoff by:
(1 —mse() =1 [ xp()dx (12)

We see from equation (3) and the fact that individual productivity grows at rate g that idea quality
grows at rate (1 —)g. It follows immediately that the growth rate of aggregate productivity is
a‘g—gt)ﬁ = ¢(1 — ) and the growth rate of aggregate output is thus ag—(f)ﬁ =ag(l—rn).

Assumption 2. On the BGD, the real cost of meetings is proportional to aggregate productivity A(t) (which
grows at rate g(1—1n)). Thus, on the BGP, the nominal cost can be written as: C(mp,t) = c(mp)e81="Dtp(t).

We further assume that c(mp) := 5m%, x > 0.

The cost of meetings is expressed in units of the final good (the numeraire) like all other prices. The
analysis does not depend on the parametric specification, but we use this particular one to illustrate

the results and to estimate the model later on.

Making use of the characteristics of the BGP, we can rewrite the system of functional equations

12 As has been discussed before (Lucas and Moll, 2014), there are no general existence or uniqueness theorems for partial
differential equations systems, and our analysis does not focus on that, nor on computing the solutions to all possible
initial distributions. Instead, we focus on the analysis of a balanced growth path.

14



DANCING WITH THE STARS:

in terms of de-trended productivities:

logI'(x,s) = —mp /s (1 - CID(xeg(S’T))) dt —mx /S <1 - ‘I’(xeg(s’T),T)) dt +logT'(xef,0) (13)
0 0

®(x) = /0 "I (x, 5)dO(s). (14)

On the BGDP, the expected payoff at time t of an individual of age s can be rewritten as:

W(mp,s,t) = /OZ(t) ()dG(z,s,t) +/ 71(z,t)dG(z,s,t) — c(mp)edIDip(t)
= o8-t [/ wodT'(x, s +/ mto(x)dl (x,s) — c(mp) | .

Since p(t) also grows at a constant rate, this implies that an agent’s optimal choice of mp will not
depend on calendar time t, as it should only maximize the term inside the square brackets. As a
result, the choice mp(t,) will be constant for all birth dates t,. Without loss of generality, using
t, = 0, the optimal choice of mp maximizes the individuals” expected discounted value of their life
time earnings net of the searching cost:

max V(mp) « /Ooo g (rHd)s </Ox Z:Odl"(x,s) + /oo mo(x)dl (x,s) — c(mD)> ds (15)
0 %

mDG[0,00)

subject to (13) and (14)

1L
where 710(x) = <%> (1 —7)x.

Let Z(t) denote average productivity at time ¢. Letting 7 index skilled researchers, we can write

the proportional change in average productivity in a small time interval At, %}&Z(t) and obtain
the growth rate of productivity on the BGP by letting At go to zero, i.e.:
L Z(t+AH) - Z(t)
& = A
ma x| 7l [&iF (z2it) + [1 = F (20, D) B (3 (1) | 20 () > 20)] - 1
= | e x [ gy [2F (20 )+ [1- F (2 D) Br (2 () | 2 () > 20)] 1] (16)

+5><[Z() o(2/(H)) — 1]

where Er, Eg, and [Eg denote the expectations relative to the, respectively, cross-sectional, external,
and age zero distributions.

We now summarize these characteristics of the BGP in the following definition.

Definition 1. Balanced Growth Path. A balanced growth path (BGP) consists of a constant g, a set of
invariant distributions (®(z),T(z,s)), paths for the real wage (( )) team sizes n(z,t), idea qualities q(z,t),
profits 7t(z, t), a cutoff for productivity %, and an interaction rate mp, such that:
(i) All quantiles of the invariant distributions grow at the same rate g, i.e.:
I'(x,s) = G(z,s,t) ,Vz,t,s >0
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®(x) = F(z,t) ,Vz,t,s > 0, with density ¢(x).
(ii) T (x,s) and ®(x) satisfy the system of functional equations composed of (13) and (14) for all (x,s).
(iii) The growth rate satisfies (16).
(iv) The real wage % that clears the labor market for researchers satisfies (11).
(v) Profits 1t(z,t) (as well as team size n(z, t) and innovation qualities q(z, t)) are given by (3).
(vi) The cutoff X is solution to (12).
(vii) The meeting rate mp solves (15).
(viii) Aggregate productivity A(t) grows at rate (1 —1)g.
Aggregate output is Y (t) = A(t)* and grows at rate ag(1 — 7).

We can, in addition, derive a useful relation between the economy’s growth rate, the rate of
endogenous interactions mp, and the external learning rate mx. To do so, we assume that, on the

BGP, the external and the age zero productivity distributions have a common tail parameter, 6:
Assumption 3. Assume that ¥(x,s) and I'(x,0) have a Pareto tail, i.e.

lim 1-¥(xs) _ o(s), lim 1-TI(x,0)

=k
x—oo  x—1/0 xS0 x—1/0 0

for some 0, ko > 0, and p(s) > 0 Vs.

Note that the external source distribution has a location parameter p(s) that depends on age.
We can then show that the BGP cross-sectional productivity distribution ®(x) also has a Pareto
tail and derive an expression for the growth rate g.

Proposition 1. Along a BGP, the cross-sectional productivity distribution ®(x) has a Pareto tail, i.e.:

and the following relation holds:

= . 17
— R J7 e P00 "

g D fooo (1 - e_%s> dQ)(s) + mx & fooo e bs fosp("c)e%TdT dQ(s)
0

Proof. See Appendix A-1. O

All else equal, this relation shows that the growth rate is increasing in the rate of interactions
mp, the rate of external learning my, the scale of the productivity distribution at birth relative to
the cross-sectional distribution, ko/k, and the thickness of the productivity distributions’ tails as
captured by 6. It is decreasing in the death hazard rate 4.

Let us consider a few key special cases. If the location parameter of the external distribution does
not depend on age, i.e., p(s) = p for all s, the growth rate is:

g= (mD+£mx)—5<1—I;cO>]9.
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In addition, if the scale parameters of the external distribution and the age zero distributions are the
same, p(s) = ko = k for all s, the growth rate depends only on the sum of the rates of interaction

and external learning, and on the tail parameter:
g = (mx + mp)e.

If the external distribution ¥ were not growing (or if it were growing at a rate lower than g), the
growth rate would simply be determined by the tail parameter and the endogenous interaction
rate:!314

g = mpb.

When is there positive growth? A major focal point in the diffusion literature is whether sustained
long-run growth can occur. It is important to note that our model is rich enough to allow for many
different cases, with positive or zero growth. This is why we start from the most general case and
cover several special cases above. Ultimately, the model will be disciplined empirically in Section 4.
For the sake of completeness, we draw out all the possible cases that can arise with respect to the
growth rate here:

(i) If either one of the initial productivity distribution F(z,0) = ®(z) or the external distribution
¥ (z,s) has a fat tail, i.e., if > 0, there is positive growth."

(ii) If neither of these distributions has a fat tail (6 = 0), and the external distribution is growing
at a rate strictly below g or not growing at all, then there is no sustained growth in the long-run.

(iii) If the external distribution is also growing at the endogenous rate g, growth can be sustained
regardless of the shape of the distributions ® and Y.

3 Data, Measurement and Empirical Findings

In this section, we give empirical content to the theory presented in Section 2. One of our main
contributions is to leverage a new large-scale micro dataset — the European Patent Office data — that
allows us to give concrete empirical counterparts to the concepts of innovations, research teams,
interactions, and productivity of the model.

We first describe the data and empirically document some key facts about researchers and their

teams, which were already used to inform the key elements of the model in Section 2. These facts

13Although our model does not nest and is not nested in Lucas and Moll (2014), their growth rate most closely corre-
sponds to our special case with kg = k and no external ideas source or an external idea source that grows at rate g, < ¢
strictly smaller than g. In this special case of our model, § = mp#, as in Lucas and Moll (2014). This same growth rate also
arises in an extension in Lucas and Moll (2014), in which there is a fixed (not growing) source of external learning. The
rate of arrival of external ideas my is irrelevant, justifying the authors’ claim that it is really interactions that drive growth.
This is also true in our model as shown here, in the case where the external distribution is not growing or is growing
at rate g, < g. We allow for g = g here, to ensure a fair quantitative comparison between the external learning source
and the endogenous interactions. If we did not do this, we would always conclude mechanically that in the long-run, the
external distribution loses its importance.

4Note also that, as in Lucas and Moll (2014), if the external distribution has a fat tail with tail parameter ¢ > 6, then
the growth rate would be ¢ = mp( (even if the external distribution were not growing at rate g).

15This is true even if the external distribution is not growing or growing at a rate smaller than g.
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also will be used as the main data moments to estimate the model in Section 4. To not repeat the
tigures twice, we will point the reader directly to each relevant figure highlighting a significant data
moment in the estimation Section 4. One of the core facts of our model which we study in this

section is the link between interactions and productivity improvements.

3.1 The European Patent Office Data

There are many patent offices in the world. Typically, academic papers on productivity have been
based on patents filed with the United States Patent and Trademark Office (USPTO) (made available
tirst by Hall et al. (2001)). Instead, our data is derived from the European Patent Office (EPO) data -
an under-explored and novel source.

Patent data is ideal for studying the effect of interactions on learning and innovation. First,
patent documents contain a multitude of information on the patent assignee (the original owner of
the patent, which can be a firm, an individual, or a university), all the inventors who contributed
to the innovation, and the innovation itself. Second, it allows us to track individual inventors over
time. To do so, the first step is to disambiguate inventor names, in order to turn the list of inventors
into an inventor level panel data. Disambiguation consists of identifying two or more inventors
listed on several patents as the same person. This is based on their homonymy or quasi-homonymy
(identity or similarity of names and surnames), together with related information (e.g., residential
address, co-inventors, citations, or technological classes). We describe the disambiguation algorithm
in Appendix OA-1. Because the EPO data was only very recently disambiguated, we have improved
upon the disambiguation over time.!

A fundamental reason to use the EPO data is that it provides better representation of different
countries. This mitigates the “home bias” in patenting. Indeed, a patent only protects an innovation
within the geographical jurisdiction of the patent office where it is filed. The USPTO would thus
be preferred by U.S. firms (which can be seen in the large representation of U.S. firms’ patents in
the USPTO data). A patent in the EPO can come from any country in Europe, as well as from
other patenting countries interested in exporting to the European market. Figure A-1 panel (A)
depicts the number of EPO applications per country for the major patenting countries. The U.S.
is the largest contributor to innovations at the EPO, followed by Germany, Japan, other European
countries (France, Great Britain, Italy, the Netherlands, and Switzerland), and South Korea.

Overall, our data contains 2,955,055 applications. There are fewer patent applications at the EPO
than at the USPTO (see Table OA-1 for a summary of the number of worldwide applications, as well
as the number of applications to the EPO and the USPTO per year). Panel (B) of Figure A-1 also
shows that the number of EPO patents has steadily increased over the years.

The disambiguated EPO data contains 3,474,514 unique inventors, of which 1,145,185 (32.96%)
are listed in two or more applications.!” The average number of patents per inventor is 2.2. How-

ever, patent production, like other scientific or academic endeavors, is a very skewed phenomenon.

16The raw data used is the CRIOS-PatStat dataset described in Coffano and Tarasconi (2014). See also Breschi et al.
(2016) and Akcigit et al. (2016).

17This is very comparable to the USPTO disambiguation by Li et al. (2014), which identifies 3,124,041 unique inventors,
out of which 37.39% (1,168,208) have filled more the one patent.
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A substantial proportion of inventors has only one patent and very few super-productive inventors
have many patents. Figure 4 shows the distribution of inventors with no more than 20 patent appli-
cations (99.33% of the sample). The majority (around 91% of the total) produce 1 to 4 patents during

their career. Only 80,000 (2% of the sample) of inventors have more than 10 patent applications.'®

We assign patent applications to specific years according to their “priority year,” i.e., the first year
of application to any patent office worldwide (thus, the priority date may differ from the application
date at the EPO). This procedure ensures that the patent is assigned to the year closest to the actual
innovation. We assign patents to origin countries using the inventors’ country of residence.'” Finally,
each patent is also assigned a technology field. We adopt the OST (2008) classification of IPC codes
into 30 fields. Online Appendix OA-1 provides more information on IPC codes and their technology
classification, as well as summary statistics on the distribution of patents across fields in the EPO
data.

FIGURE 4: NUMBER OF PATENTS PER INVENTOR AT THE EUROPEAN PATENT OFFICE
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Notes: The figure shows the percent of inventors with a given number of patents in their lifetime. Sample contains
3,474,514 unique inventors from patents filed with the EPO between 1977 and 2010.

18Figure OA-1 shows that there is some variation in the number of patents per inventor across the top 10 patenting
countries, ranging from 1.5 per inventor in South Korea to 3.1 in Germany. These differences reflect the differential
propensities to work in teams, as well as the propensity to file with the EPO.

PThere are different methods for assigning patents to countries. Traditionally, the applicant’s address reported in
the patent document has been used (usually, the firm’s address). However, this approach can give a biased measure of
where the actual innovation was developed, since many firms may assign their patents to their headquarters rather than
to the branch where the innovation was produced. A more meaningful alternative approach — which we use- is to use
the addresses of the inventors listed in the application. When inventors reside simultaneously in several countries — a
relatively rare case- we can assign the patent probabilistically to each country.

19



INNOVATION THROUGH INTERACTIONS

3.2 Measuring Productivity, Interactions, and Team Composition

Our empirical analysis sheds light on the key channel highlighted by the model, namely on how
interactions with others contribute to human capital accumulation and enhanced productivity. We
now map each of the model’s concepts of teams, team leaders, individual productivity, idea quality
and interactions to the data. In doing so, we remain as true as possible to the spirit of the model.
It is worth noting outright that the data is very rich and that there are several meaningful ways
of measuring these variables. In each case, we provide several possible robustness checks using
alternative definitions.

Inventor teams

As in the model, research teams play a key role in the data. The patent applications at the EPO
reflect the increasing importance of teams in patent production. In the time around 2010, more than
70% of patents were produced by teams with at least two inventors. Figure 5 depicts the distribution
of team size and highlights that teams of one, two and three inventors account for the majority of
patents. The average team size is 2.6 inventors; conditioning on multi-inventor patents, the average

team size is 3.4 inventors.

FIGURE 5: TEAM Si1ZE DISTRIBUTION
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Notes: The figure shows the team size distribution, i.e., the number of co-inventors per patent in the EPO data, based on
3,474,514 unique inventors from patents filed between 1977 and 2010.

Idea quality

To measure the quality of the idea produced by a team, we use the quality of patents produced by
the team. As is standard in the literature (see Hall et al. (2001); Pakes (1986); Schankerman and Pakes
(1986); Trajtenberg (1990)), patent quality is measured by the number of forward citations. We count
the citations a given patent receives in a time window of three years after the priority date. We use
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the three year window to account for truncation in the citations, i.e., the fact that more recent patents
have had less time to accumulate citations, as described in Hall et al. (2001). Thus, our benchmark
measure of the idea quality of team j at time ¢, g, is the citations of the patent(s) produced by team

j at time #:2°

142
git = Z citations;.

T=t
An improvement we make over earlier work is that we consider forward citations coming from
patents filed with the EPO, as well as all patents from a family in which one patent is filed with
the EPO.?! As a robustness check, we also provide results using a window of five years, as well as
removing self-citations (see Table 3).
Panel (B) of Figure 6 shows the idea quality g of teams as a function of the team leader’s age,
i.e., the life cycle of idea qualities of team leaders. This life cycle profile will be one of the moments

targeted in the estimation.

Individual productivity measures

To map the individual inventor’s productivity in the model to its counterpart in the data at each time,
we compute a set of different measures. These capture slightly different notions of productivity and
allow us to check that our results are robust to various inventor productivity definitions. One natural
measure of current (or flow) productivity of inventor i in year ¢, denoted by p;;, is the number of

citations-weighted patents produced by inventor i at time ¢:
Pir = Z]‘ qjt-

This accounts for both innovation quantity and quality produced by an inventor. The cumulative (or

stock) productivity of inventor i at time ¢ is his citations-weighted patent stock to date, P;:

_ t
Pit = Yooty Pis-

This stock measure takes into account the quantity and quality of an inventor’s past innovations, in
addition to current ones. This is our benchmark measure of an individual inventor’s productivity.

Additional quality measures used in the analysis — some reported as robustness checks, others
available upon demand - are the unweighted number of patents produced at time ¢ (which captures
only the quantity of innovation, regardless of quality), as well as average citations per patent (re-
ceived within a 3-year window) of the patents produced at time ¢ (which captures purely the quality
of innovation, regardless of quantity). We also experiment with different truncation windows (e.g.
five years) and with counting or excluding self-citations.

Panel (C) of Figure 6 shows the life cycle profile of productivity for all inventors, according to

our benchmark measure. It is in line with those found in the recent literature on life cycle wages

20If the same team produces two patents in the same year, we sum the citations to both of these patents in a 3 year
window.
210n patent families, see Martinez (2010).
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and productivity (Lemieux, 2006; Lagakos et al., 2017): It is increasing and concave. We will use the
productivities at different ages as moments to target in the estimation of the model in Section 4.

Assigning team leaders

Our theory suggests that the team leader is the most productive inventor. There are several ways of
identifying in the data who is “the most productive” inventor of a team.

Our first and main method for picking the patent team leader is to simply compare productivities,
as defined above, and to choose the team member among all inventors on a given patent who had
the highest cumulative productivity in period t — 1. Thus, inventor i will be the team leader of the
team that files patent j if

Py 1= max (Put-1),

where 1 indexes all inventors in the team.?? The remaining inventors of the team, if there are any,
are considered to be the “team members” equivalent of the model.

We also explored two alternative and complementary ways of identifying the team leader: As
the most senior inventor on the team, or as the first inventor listed in the application. Our results

(not shown) are robust to these alternative team leader assignments.

Measuring interactions

There are many possible ways to measure interactions — one of the key variables of the model. We

show results for several different measures going from least to most broad, which are:
1. Past co-inventors.
2. Inventors in the same firm.
3. Inventors in the same geographical region.

The first measure only counts as interactions past co-inventors, i.e., inventors listed on the same
patents at some point in the past. This is a strong definition of interactions since these are people
one has worked with with certainty. Also, it likely underestimates total interactions: Inventors have
probably interacted with more people than just those with whom they have filed patents. To be
exactly in line with the model, we could also count only past co-inventors who were better than
the focal inventor. This measure of interactions will be our benchmark which corresponds to the
model’s idea that one learns only from better people, which we test and confirm below. The second
and third definitions are broader. They count inventors who were better than oneself at the time
of the encounter, and with whom one has been in the same firm (definition 2), or with whom
one has lived in the same region (definition 3), at some point over one’s past career. These are
broader measures of interaction in the sense that one cannot be sure of the intensity of direct contact
that actually happened with someone working in the same firm or living in the same region. The

results below show, as is intuitive, that the effects on productivity from more interactions increase

22According to this measure, there could be more than one team leader for a given patent.
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progressively as one moves from the weakest interaction measure (measure 3) to the strongest one

(measure 1).

Regarding our benchmark measure, formally, we can count the interactions with co-inventors
better than oneself, and worse than oneself, that one has had in the past. The high-quality interac-
tions of inventor i at time t are defined as the number of unique co-inventors j of inventor i in all
past years, who had a productivity Pjs, larger than that of inventor 7 in the period right before the

encounter or interaction took place:

t
ngh Quahty Interactlonsi,t = Z unique more productlve co-mventorsz-’s.
s=ty

Conversely, “Low Quality Interactions” are defined as the number of unique co-inventors of inventor
i in all past years, who had a productivity P;s, lower than that of inventor i in the period right before
their encounter. As a robustness check in Table 3, we also count repeat interactions, i.e., if inventor i

interacts with inventor j in two different years, that interaction is counted twice.

The regressions also include a number of important additional controls, such as the team leader’s
age, which is the number of years he has already spent in the sample, the square of age, and controls
for team characteristics, such as the team size, i.e., the number of inventors listed in a given patent.
We also control for firm size using the number of inventors active in the firm at each time. To assign
active inventors to their firms, we reconstruct the employment histories of all inventors based on
the assignees (firms) listed on their patents.”> The strategy used to build inventors’” employment
histories is described in Appendix OA-1.2*

The sample consists of all inventors and patents between 1977 and 2010.>° The first year of each
inventor is omitted from the regressions in order to be able to construct the necessary quality and
interaction measures. Table 1 presents summary statistics of the variables used in the regression

analysis.

The effect of age

Intuitively, the effect of the external learning channel on productivity will be disciplined in the data
by the effect of age. Importantly this effect must be measured while controlling for interactions
and conditional on many detailed fixed effects. The age effect then captures the learning that hap-
pens over time, not through interactions, but through learning-by-doing, individual discovery and
learning, or exposure to outside knowledge sources. The effect of age is consistently positive and
significant. The lifecycle of productivity and idea quality is concave as was described before, and as
can be seen in panels (B) and (C) of Figure 6.

23For similar approaches, see Hoisl (2007) and Nakajima et al. (2010).

AThe assignee, could also be a university, hospital, research centre, or even an individual inventor. We treat them all as
the inventors’ de facto employers for our purposes, which makes most sense for the variables we need to construct.

25We remove the patents after 2010 to minimize the truncation issue in citations.
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TABLE 1: SUMMARY STATISTICS

Mean
Idea Quality
Conditional on patenting:
3-year citations 1.4
5-year citations 2.2
3-year citations (excluding self citations) 1.2
Unconditional on patenting (at individual level):
3-year citations 0.3
Interactions
High Quality Interactions 1.7
Low Quality Interactions 8.9
Total interactions 10.6
High Quality Interactions in the firm 673
High Quality Interactions in the region 2876
Team and firm characteristics
Team leader age 5.8
Team size 3.1
Firm Size 525

3.09
4.53
2.76

2.30

3.25
18.0
199

1848
7581

5.23
2.08
964

Standard Min
Deviation

o

o

o O

_

Max

401
421
401

302

68
578
605

45443
184077

34
10
5843

Notes: Summary stats based on 1,891,694 inventor-year observations used in the regressions, corresponding exactly to the

sample used in the regressions in Tables 2 and 3 and in the estimation in Section 4. “Conditional on patenting” refers to

the quality of patents produced by inventors. “Unconditional on patenting” refers to the quality of patents produced by

inventors, where years with zero patents are counted as “zero” quality (i.e., zero citations received). “Total interactions”

is the sum of High and Low Quality interactions, as defined in the text. “Firm size” is the number of active inventors in a

firm at a given time. See the text for a detailed description of these variables.

3.3 The Link Between Interactions and Productivity

We now present our key results on the link between past interactions and subsequent productivity,

controlling for characteristics of the team leader, the team’s inventors, the firm, and the research

environment.

Specification and estimation

Our baseline specification is as follows:

q;+ = P1Interactions;; ;1 + P2 Ageif)+ + ﬁ3Agezi[j],t + B4Team Size;; + BeFirm Size;;
+ Bt 4 Bejj + Byyj) + By + Bryjp X Be+ Bygjy X Br + Bogjp < Byyj + Bigj + €
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where g;; is the standardized (z-score) idea quality of team j at time . The team leader of team j
is denoted by i[j], employed by firm f[j], in region r[j] and technology sector s[j]. Idea or innova-
tion quality is measured in turn by one of the several measures described above and transformed
into a z-score by subtracting the mean and dividing by the sample standard deviation to yield g;;.
“Interactions” is a measure of the past interactions of the team leader; recall that we explore several
measures. Age is the age of the team leader. With some abuse of notation for simplicity, B; denotes

a set of year fixed effects, Bsm are sector fixed effects, B £ are firm fixed effects, and B,[; are region

r
fixed effects.?® In order to absorb more of the inventor and team heterogeneity, we add[]I]‘egion—year,
sector-year, sector-region, and, most importantly, individual inventor fixed effects.

Inventor fixed effects, in particular, go a substantial way towards alleviating a potential endo-
geneity problem, namely that more productive inventors may be able to both interact with more
people and have more co-inventors. Conditional on inventor fixed effects, a positive coefficient on
lagged interactions could still arise because of endogeneity, but in much less likely cases. It would
have to be that an inventor who expects to be better than his own average productivity in year ¢
intentionally starts interacting with more people at time t — 1. Alternatively, there would have to be
inventor-specific shocks which simultaneously increase an inventor’s productivity in a given year

year t and make him co-invent with more high quality inventors in the previous year t — 1.

Instrumental variable strategy

To further address the remaining potential heterogeneity, we adopted an instrumental variable (IV)
strategy that uses ethnic networks as an instrument. More precisely, there is a strong first stage
of the number of interactions an inventor has at a given time, and the share of inventors of his
ethnicity in his firm or region at that time, conditional on all previously described fixed effects as
well as region-ethnicity and firm-ethnicity fixed effects. Conditional on these latter fixed effects, the
instrument is likely to satisfy the exclusion restriction.”’” Using this IV strategy, we find that the
effect of interactions is strongly significant — even larger in magnitude than in the OLS specification.
Ethnic networks are a relatively distinct topic from the one covered in this paper. In addition, this
IV estimator measures a LATE effect on those who are induced to interact more from having more
ethnically similar people around them. We thus prefer the strategy with very detailed fixed effects
that we use here. It is, however, possible to include the IV results and describe their construction in
more detail in a separate section in a revision of the paper.

Main results

Table 2 contains the results from the benchmark regressions. In this table, idea quality (the left-

hand side variable) is always measured according to the benchmark measure, which is the forward

26Regions r are defined at comparable administrative levels across countries. For instance, for the US, we use the BEA
economic areas, which are equivalent to Metropolitan Statistical Areas (MSAs) in the case of metropolitan regions. For
Europe, we use the Nomenclature of Territorial Units for Statistics (NUTS3) level. For all remaining countries, we use
the smallest level used by the OECD classification of regions (Territorial Level 3) - which corresponds to, e.g., Statistical
Divisions in Australia, Census Divisions in Canada, or Prefectures in Japan.

27Some regions or firms may be better suited to some ethnicities, leading to higher productivity and more interactions
for those ethnicities, but that is captured by these additional fixed effects.
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TABLE 2: MAIN RESULTS

Benchmark High Tech Broader Interactions
Sector Measures
Firm Region

High Quality Interactions (t-1) 0.021"**  0.027**  0.035**  0.0000385*"* 0.0000266"""
(0.001)  (0.001)  (0.004) (0.000001)  (0.0000008)

Low Quality interactions (t-1) -0.004***
(0.000)

Team Size 0.028***  0.028*** 0.034*** 0.027*** 0.034***

(0.001) (0.001) (0.004) (0.001) (0.001)
Log Firm Size -0.022%**  -0.021***  -0.045*** -0.028***

(0.002) (0.002) (0.010) (0.003)
Firm Fixed Effects Yes Yes Yes Yes Yes
Year x Sector FE Yes Yes Yes Yes Yes
Year x Region FE Yes Yes Yes Yes Yes
Sector x Region FE Yes Yes Yes Yes Yes
Team Leader FE Yes Yes Yes Yes Yes
N 1574216 1574216 286231 1574216 1338075
adj. R? 0.187 0.187 0.133 0.187 0.158
F 88.25 103.9 16.52 164.6 177.4

Notes: All models include in addition year, sector, and region fixed effects (not listed). Column (1) uses the benchmark
measure of interactions (past co-inventors). Column (2) includes also lower quality past co-inventors. Column (3) limits
the sample to the high-tech sector. Column (4) and (5) consider, respectively, interactions measured as inventors in the
same firm or in the same region. Standard errors in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001.

citations of the patent in a 3-year window. In column (1), interactions are measured in the benchmark
way, as the total number of past higher quality co-inventors.

The effect of high quality interactions on patent quality is consistently positive and significant:
One additional high quality interaction increases subsequent patent quality by 0.02 standard devi-
ations, which corresponds to a 0.06 level increase in citations per patent in a 3-year window. What
does this mean economically? If we use the mean patent quality for existing patents in the sample
(i.e., mean citations per inventor in a 3-year window conditional on patenting) from Table 1, this
represents a 4% increase. However, since inventors do not patent every year, a more accurate com-
parison would use the mean citations per patent (in a 3 year window), per inventor, per year, in the
sample (unconditional on patenting): One interaction represents a 21% increase in citations relative
to that unconditional mean (see Table 1).

In column (2), we simultaneously include those past co-inventors who were more productive
and those who were less productive than the inventor at the time of their encounter. If anything,
the effect of high quality interactions increases to 30%. In the model, individuals benefit more
from interacting with people better than they are, i.e., who have higher productivity.?® In the data,

low quality interactions, conditional on inventor fixed effects, have a very slight negative effect on

2In fact, in the model, agents gain nothing by interacting with less productive people.

26



DANCING WITH THE STARS:

TABLE 3: ROBUSTNESs CHECKS

Repeated Productivity Low
Interactions Measures Tech
5-year cit. Excl. Self-cit.
High Quality Interactions (t-1) 0.010*** 0.019*** 0.020*** 0.019***

(0.001) (0.001) (0.001) (0.001)
Team Size 0.028*** 0.029*** 0.018*** 0.027***

(0.001) (0.001) (0.001) (0.001)
Log Firm Size -0.022*** -0.029*** -0.016*** -0.019***

(0.002) (0.002) (0.002) (0.002)
Firm Fixed Effects Yes Yes Yes Yes
Year x Sector FE Yes Yes Yes Yes
Year x Region FE Yes Yes Yes Yes
Sector x Region FE Yes Yes Yes Yes
Team Leader FE Yes Yes Yes Yes
N 1574216 1574216 1574216 1233323
adj. R? 0.186 0.225 0.177 0.209
F 82.58 118.0 63.15 80.36

Notes: All models include in addition year, sector, and region fixed effects. Column (1) counts repeated interactions twice.
Column (2) uses a 5-year window to measure citations (i.e., to measure idea quality); column (3) excludes self-citations.
Column (4) limits the sample to low-tech sectors. Standard errors in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001.

productivity: They may be crowding out more productive interactions and wasting an inventor’s
time.

Column (3) restricts the sample to high-tech sectors according to the Eurostat classification.?” In
high tech sectors, the effect of one more high quality interaction is even stronger, equal to 8% of the
sample mean conditional on patenting, and 39% unconditional on patenting.*’

Columns (4) and (5) use the broader measures of interactions. Interactions as measured by
the number of inventors in the firm (column (4)) and in the region (column (5)) who are more
productive than the focal inventor, also significantly affect productivity. Naturally, the effects of
these interactions are smaller than the effect of the benchmark measure, since the interaction with
someone in the same firm or region is more distant and thus weaker. An inventor who has 10 more
higher quality inventors in his firm has a 0.4% higher productivity. Additionally, an inventor with
10 more higher quality inventors in his region has a 0.3% higher productivity (both effects measured
relative to the unconditional mean). However, these interactions can still be significant because of
the sheer number of inventors in a firm or region (see Table 1). For instance, in the median region
by inventor density, there are 506 inventors. In the top 25% regions, there are 2100 inventors; in
the top 5% there are 13,200 inventors. Our estimates indicate that — even conditional on individual

29The Eurostat classification uses specific sub-classes of the International Patent Classification (IPC) as defined in the
trilateral statistical report of the EPO, JPO and USPTO. Macro high-tech technical fields are: Computer and automated
business equipment; Microorganism and genetic engineering; Aviation; Communications technology; Semiconductors;
Lasers. The list of sub-classes and their definition is provided by Eurostat at: http://ec.europa.eu/eurostat/cache/
metadata/Annexes/pat_esms_an2.pdf

30See Table 3 for the effect in low-tech sectors, which is still strongly significant, but smaller in magnitude.

27


http://ec.europa.eu/eurostat/cache/metadata/Annexes/pat_esms_an2.pdf
http://ec.europa.eu/eurostat/cache/metadata/Annexes/pat_esms_an2.pdf

INNOVATION THROUGH INTERACTIONS

fixed effects — inventors who live in regions with many productive inventors, or work in firms who

employ more productive inventors, are significantly more productive.

Robustness checks

To further test the robustness of the relation between interactions and productivity improvements,
we consider additional measures of productivity and interactions in Table 3. In column (1), we count
repeated interactions: If inventor i interacts with inventor j in two different years, that interaction is
counted twice. In column (2), we use a five-year window to count forward citations. In column (3),
we exclude self-citations. In column (4), we focus only on low tech sectors. In all cases, the effect of

interactions is significant and the magnitudes are very robust.

4 Estimation

In this section, we bring together the model from Section 2 and the empirical results from Section 3
to estimate the model using the new data on productivity, innovation, and interactions. We explain
our numerical algorithm, the parameters estimated, and the moments that we target. We then show
that the model fits the data very closely, not only for targeted moments, but also for non-targeted

ones.

4.1 Computational Algorithm, Functional Forms and Parameters

We start by describing our numerical algorithm. For any given set of parameters, we simulate the
model for ng;, = 1,000,000 individuals for T = 25 years.31 We initialize the simulations with a given

initial cross-sectional distribution F(z,0) (see Table 4).

TABLE 4: FuNcTIONAL FORMS

Function Description
q(z) = z! = Idea production function.
c(mp) = gm%) Interactions cost function.
F(z,0) = wa Initial cross-sectional productivity distribution.
I'(x,0) = 5 +k£z4 75 | Age zero productivity distribution.
¥(x,s) = Hps}ﬁ External (age-dependent) learning distribution.

In each period, there is a constant probability J that an individual survives to the next period.
We can compute the number of successful interactions (i.e., the number of times an agent improves
his productivity by learning from someone better than him) and the number of successful draws

from the external distribution. We thus obtain the realized productivity distribution F(z, t) at each

3lWe discretize each year with a size step of At = 0.2.
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time f, as well as the age-conditional productivity distributions, G(z,s,t). We then use the distri-
bution F(z,t) to compute the paths of researchers’ wages w(t) and productivity cutoffs Z(¢) in the
occupational choice problem. In the BGP, the economy reaches the invariant distributions ®(z) and
[(z,s). At age zero, new inventors draw their productivity from the distribution I'(z,0).>> When an
individual dies, he is replaced by another individual with a productivity draw from the same initial
distribution I'(z,0).

Using the simulated model, we compute the values of key data moments, described below,
and iterate on the parameters until we find the ones for which the model-generated moments best
match the data moments. We match the moments in the data when the economy is on a BGP.
To parameterize the model we suppose that the initial cross-sectional distribution F(z,0), the age
zero distribution I'(x,0), and the external source distribution ¥(x,s) are log-logistic. In Table 4, we
summarize all the functional forms relevant for the calibration of the model.

We estimate nine parameters of the model — listed in Table 5 — and captured by the vector:

X = (K/ my, /\/ 9/ v, 1, (5’ ko,lX).

TABLE 5: ESTIMATED PARAMETERS

Parameter | Description Value
K Cost of interactions parameter. 1.1906

mx Rate of draws from external learning source. 0.5281

A Location parameter of initial productivity distribution F(z,0). 0.5439

Tail parameter of productivity distributions F(z,0), I'(x,0) & ¥(x,s). | 0.4503

v Exponent on location parameter p(s) = ps” of ¥(x,s). 0.5987
Team leader’s span of control. 0.2698
Death hazard rate. 0.2171
ko Location parameter of age zero distribution I'(x, 0). 0.0492
o Final good elasticity with respect to aggregate productivity. 0.1220

4.2 Data Moments and Estimation

We estimate the nine-parameter vector x by matching key data moments. We target the following

nine groups of moments, for a total of 86 moments:

1. Average number of high-quality interactions of team leaders by age (estimated at 18 age values,
each corresponding to one moment).

2. Average idea (patent) quality of team leaders by age (estimated at 18 age values).

32In the data, age zero corresponds to the first year in the sample, i.e., the first year in which an inventor patents.
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Average productivity of all inventors by age (estimated at 18 age values).

Ll

Team size distribution (discretized and estimated at 20 team size values).
The age distribution (discretized and estimated at 18 age values).

The share of inventors who are team leaders.

The marginal effect of high-quality interactions on idea quality.

The marginal effect of age on idea quality.

© ® N o W

The economy’s growth rate.

Some of these groups of moments are life cycle profiles (1-3) or entire distributions (4 and 5),
which are matched at discretized values. Table 6 summarizes the moments we target.

Two of the moments are the marginal effects of, respectively, age and interactions on productivity
(moments 7 and 8). Intuitively, conditional on the number of interactions and all our other fixed
effects and controls (including also individual fixed effects), the effect of age on productivity helps
calibrate the strength of the external learning channel since it captures improvements in productivity
that arise over time, but do not directly come through interactions. The effects of age and interactions
were estimated in the regressions in Section 3 with many different measures of productivity and
interactions, as well as with several different specifications. We run an equivalent regression using

data generated from the simulated model:
Productivity,, = B + BoHigh-quality interactions,, , + B3Age;, + BsAger + i (19)

where i € {1,..,ngy,} indexes simulated inventors and + = {1,..,25} age. We then match the
marginal effect of interactions B, and age B3 from the actual, and moment simulated, data.

TABLE 6: TARGETED MOMENTS

Moment | Weight w; | Description Model Data
1-18 33 Average high-quality interactions of team leaders by age | see Fig. (6a) | see Fig. (6a)
19-36 3 Average Idea quality of team leaders by age see Fig. (6b) | see Fig. (6b)
37-54 %11—8 Productivity of all inventors by age see Fig. (6¢) | see Fig. (6¢c)
55-74 %21—0 Team size distribution see Fig. (6d) | see Fig. (6d)
75-82 %11—8 Age distribution of team leaders see Fig. (6e) | see Fig. (6e)

83 3 Fraction of team leaders 0.5739 0.5793
84 3 Regression coefficient on high-quality interactions, B, 0.0561 0.0561
85 % Regression coefficient on age, B3 0.0389 0.0378
86 3 Growth rate 0.025 0.025

We choose the values for all the estimated parameters in Table 5 that minimize the weighted sum
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L(x) of the absolute difference between the model-implied moments and the data moments:

& model(i) — data(i
L(x) ::mmzwil | () : ()| ,
o 5|model(i)| + 5|data(i)|

where w; is the weight assigned to moment i, reported in Table 6. We assign the weights w; so
that all nine groups of moments (each represented by a row in Table 6) receive equal weight. Thus,
moments within a group receive a weight of 1/9 multiplied by 1/n, where 1, is the number of
discretized points of the distribution that we match.

4.3 Parameter Estimates

Table 5 reports the estimates we obtain from our calibration procedure. The meeting cost parameter
is equal to x = 1.1906. This leads to an endogenous interaction rate of mp = 0.5620, slightly
larger than the external source meeting rate myx = 0.5281. The location parameter of the initial
productivity distribution is equal to A = 0.5439, and the tail parameter of the distributions is 6 =
0.4503. Parameter v determines the concavity in age of the age-dependent location parameter of
the external distribution p(s) = ps’. A larger value of v means that the average productivity of
external ideas grows faster during the first years of experience. In our calibration v = 0.5987. The
relative importance of team members in patent production is 7 = 0.2698, which implies that the team
leader’s span of control is equal to (1 — ) = 0.7302. The death hazard rate is equal to 6 = 0.2171.
Finally, the elasticity of final good production to productivity is equal to a = 0.1220.%

4.4 Goodness of Fit

Table 6 reports the target for the moments from the data and the values we obtain in the estimated
model. In cases in which the moment is a distribution function, we do not report a value, but
instead provide the reference to the relevant figure that shows how the distribution generated from

the simulated model matches the one in the data.

Our calibration closely fits all the targeted moments; we are able to capture most of the salient
and peculiar features of the data. This can be seen most vividly in Figure 6. Panel (A) shows that
the model implies that the average number of high quality interactions for team leaders is increasing
in age and that the relation is close to linear; this is also exactly what we see in the data. The model
also predicts that the average idea quality produced by team leaders and their teams is increasing
and concave in age, which is also true of the data (see panel (B)). The productivity of all inventors is
increasing and concave in age in both the model and the data (see panel (C)). Team leaders account
for 57% of individuals and the team size distribution is decreasing (see panel (D) and Table 6). The

age distribution is also decreasing, with an initial mass of individuals of age 0 (see panel (E)).

33In’cuitively, this parameter is calibrated to match the empirical growth rate.
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FIGURE 6: TARGETED MOMENTS — FIT BETWEEN MODEL AND DATA
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Panel (A) represents the high-quality interactions of a team leader as a function of his age (age 0 is the first year in the
patent data). Panel (B): represents the de-trended idea quality q(z, t)e~8t' = g(z,t)e"8(1=1)*, where g7 = 8(1—1) is the
growth rate of idea quality, as a function of team leader’s age. Panel (C) depicts average inventor productivity z across all
inventors at a given age. It is normalized by productivity at age 0. Panel (D) shows the distribution of the team size n and

Panel (E) shows the distribution of age (time in the sample)i)’2
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4.5 Fit for Non Targeted Moments

We now check the goodness-of-fit of the estimated model for some non-targeted moments.

R&D tax credits, wages and team size

We start with two moments which are interesting per se for policy reasons, and which are intention-
ally very distinct from the targeted moments (thus providing a particularly convincing non-targeted
fit): The elasticity of wages to R&D tax credits, and the elasticity of team size with respect to R&D
tax credits.

Goolsbee (1998, 2003) argued that government support for R&D would simply push up scientists’
and researchers” wages. In our model, we can mimic an R&D tax credit through a subsidy on the
costs of the teams’ innovation (i.e., a subsidy on total wage payments to team researchers (see
Appendix OA-2 for a formal treatment)). The model-generated elasticity of wages with respect to
R&D tax credits is 0.026. We compare this to the elasticity in the data for the U.S. We compute
average researchers” wages at the state level in the CPS March supplement (ASEC file). Panel (A)
of Figure 7 illustrates the large variation in research wages across U.S. states. We then regress the
wages on state-level R&D tax credits, which vary across states and years. We find that the overall
elasticity of researcher’s wages to the R&D tax credit is 0.023, extremely close to the one implied by
our model. We also computed the elasticity in the data of researchers” wages to total government
R&D funding (rather than just R&D tax credits) and found very similar results.

FIGURE 7: RESEARCHERS” WAGES AND RESEARCH TEAM S1ZES ACROSSs U.S. STATES
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Notes: Panel (A) depicts the average wages of researchers at the state level (from the CPS March supplement) for the
period 2003-2016. Panel (B) depicts average team size of teams listed on patent across U.S. states, based on the EPO data.

Teams are key in both our model and in the data. Their size is related to the allocation of
inventors to team leaders or team members, as well as to the quality of innovation. Panel (B) of
Figure 7 shows the extreme variation in team sizes across U.S. states. Thus, one may wonder about
the effect of government support for research on team size. We find that the elasticity of team size
with respect to R&D tax credits is 0.057 in the model and 0.044 in the data. Again, our model is able
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to closely replicate a non-targeted, and policy-relevant, elasticity.

Idea quality Pareto tail

In Figure 8 we check another non-targeted moment, namely the tail of the idea quality distribution.
The figure depicts the log counter cumulative distribution (log(1 — CDF)) for idea qualities above the
99th percentile.** The tail of the distribution generated by our estimated model strongly resembles

the one observed in the data.

F1GURE 8: TAIL OF IDEA QUALITY DISTRIBUTION
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percentile.

5 Quantitative Analysis and Policy Experiments

As shown in Sections 4.4 and 4.5, the estimated model fits the data very well for both targeted
and non-targeted moments. The model is complete enough to be used to understand past and
contemporaneous changes in knowledge diffusion, productivity, and innovation. To illustrate this,

we now put our estimated model to work and quantitatively explore four policy experiments:

1. Importance of interactions: We quantify the importance of interactions for productivity and

growth, relative to other learning channels.

2. Reducing interaction costs: What happens when interaction costs are reduced? Concretely,
this can be interpreted as companies or industries adopting a “Google model,” with open-floor
offices and designated hang-out times that foster interactions. It also can be mapped to the rise

of IT which facilitates interactions.

3This corresponds to patents with more than 6.9 citations in the 3-year window.
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3. Reduced access to external ideas: We study the effect of reduced access to external ideas. This

highlights potential downsides of agglomeration and the “paradox of proximity.”

4. U.S. vs. Germany: We estimate the model separately for two large innovating countries,
Germany and the U.S., to compare their innovation production functions and team dynamics.

What would happen to U.S. growth were it to inherit the (lower) interaction costs of Germany?

There are many other possible counterfactual analyses that can fruitfully be done using our esti-
mated model. Moreover, the data can be sliced in several other ways: e.g., the model could be
separately estimated by technological field or time period to see how the innovation production and
research teams dynamics differ.

5.1 Interactions versus External Learning

We start by computing the contributions of interactions to economic growth.® For this exercise, we
shut off, in turn, the endogenous interaction channel (setting mp = 0) and the exogenous learning
channel (setting mx = 0). Table 7 shows the resulting growth rates in these two cases.

TABLE 7: THE ROLE OF INTERACTIONS AND EXTERNAL LEARNING

Interactions + External Learning No interactions: mp = 0 No external learning: mx =0

Growth 2.5% 0.1% 0.62%

There are three key findings.
1. Shutting down any of the two learning channels significantly reduces growth.

2. The endogenous interaction channel contributes more to growth than the exogenous learning
channel.

3. There is a strong complementarity between the two learning channels.

Clearly, both channels significantly contribute to growth; when either one is shut off, growth is
reduced by at least 75%. Nevertheless, when the endogenous interaction channel is shut down (case
with mp = 0), growth is reduced to a striking 0.1%. If the external learning channel is shut down
(case with mx = 0), the growth rate drops by less, to 0.62%. In fact, recall from Section 2 that in the
special case in which the external productivity distribution E(z,s, t) is not growing, the growth rate
is mp#. In this case, shutting down interactions reduces growth to 0 (but, conversely, shutting down
external learning would still lead to positive growth). This case, akin to the one in Lucas and Moll
(2014), emphasizes even more starkly our quantitative finding that interactions are vital for growth.

The third finding is that the contribution of each channel individually adds up to much less than

the total growth rate when both channels are active. This complementarity between the two learning

35For this, it is useful to recall the discussion in Section 2, which described in what ways the growth rate depends on
the rate of external learning and endogenous interactions and some special cases.
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channels is key: When agents learn more from the external source, each endogenous interaction
becomes more valuable in expectation as one can hope to acquire that new external knowledge
indirectly by meeting others. Individuals then optimally choose a higher endogenous meeting rate.

Figure 9 shows the effect of shutting down the endogenous and exogenous channels on the
number of interactions and on idea quality. The solid blue curve represents the estimated benchmark
case from Section 4 (i.e., the case in which the two channels are active). Panel (A) highlights that
when the exogenous learning rate is zero (mx = 0) team leaders have more interactions during
their initial career years than in the benchmark case. However, interactions eventually become lower
(here, after age 14). This highlights how younger individuals can have some successful interactions
initially while their productivity is still low, but eventually the absence of an external source of
new knowledge causes the pool of knowledge of people around them to become stagnant and less
interesting. As a result, it is less worthwhile to incur the costs of interaction, as agents correctly
anticipate that a given new interaction has little chance of teaching them something new. Panel
(B) shows that the average idea quality is an order of magnitude lower when either the external or
interaction learning channel is shut off, and that the absence of interactions (mp = 0) leads to the
lowest idea quality. This immediately translates into the lower growth rates illustrated in Table 7.
Also note that, without an external source of learning, the average quality of idea over an inventor’s
life is flatter, which again illustrates the importance of an external pool of ideas to keep up learning
opportunities. Put simply, with no external sources of ideas, a group of individuals will eventually
learn most (albeit not all) there is to be learned from each other and innovation will slow down.

FIGURE 9: THE ROLE OF INTERACTIONS
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Panel (A) represents the high-quality interactions of a team leader as a function of his age (age 0 is the first year in the
patent data). Panel (B): represents quality g(z, t) as a function of team leader’s age. In this panel, the right vertical axis
is for the baseline scenario. In each panel, the solid blue line represents the baseline case, with both the endogenous
interaction channel and the external learning channel active. The black dashed line corresponds to the case with no
endogenous interactions (mp = 0) and the red dashed line to the case with no external learning (mx = 0).
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5.2 Lowering Interaction Costs: Information Technology or the “Google Model”

What happens if the cost of interactions, x, decreases? This scenario can mimic the spread of in-
formation technologies (IT) that make communication and, hence, interactions, easier, even across
larger geographical distances. IT can also break down language barriers (e.g., through real-time
translation or easy tools such as Google translate), or matching frictions (through online platforms
and specialized forums). Many dedicated programs and apps have appeared to make interacting
easier and cheaper, e.g., Slack, Skype, or FaceTime.?® A decrease in interaction costs can also mimic
the rise of new business models, such as the “Google model” that allows for designated spaces and

times for interactions or, more generally, the open space office.
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Panel (A) represents the endogenous meeting rate mp. Panel (B): represents the idea quality q(z,t). Panel (C) depicts the
yearly growth rate of product g, = ag and Panel (D) the average team size. All plots as functions of interaction costs «.

A lower interaction cost x will, all else equal, increase the endogenous meeting rate mp. As

360n the differential impact of L.T. in Europe and in the U.S., see Bloom, Sadun, and Reenen (2012).
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researchers have an easier time meeting others, they learn more and the quality of innovation and
the growth rate are higher. These results lend support to the many attempts in the real world to
make interactions easier through conferences, socializing events, and common spaces. A perhaps
less immediate result is that lower interaction costs decrease the average size of teams (Figure (10)).
The decrease in x only very slightly increases the cutoff ¥ above which individuals become team
leaders (see equation (5)). At the same time, the productivity distribution improves, creating more
mass to the right of the (slightly increased) cutoff. On balance, there are more team leaders, and thus
more competition for skilled researchers hired as team members. Therefore, teams become smaller

on average.37

5.3 Limiting Access to External Knowledge

What happens if access to external learning sources is reduced? There are many concrete situations
in which individuals become less exposed to external sources of knowledge. First, there may be
a strong agglomeration and geographical concentration of talent in some areas, which, paradoxi-
cally, may lead to a great deal of interactions with similarly-minded people, but little inflow of new
knowledge. This is a version of the “proximity paradox,” whereby too much cognitive or geograph-
ical proximity with the same group of people — importantly, without additional external inflow of
new knowledge — can hinder innovation. Second, there may be very intensive specialization that
makes it hard to understand or adopt external knowledge (even if interactions with others from
the same specialization are very productive, as everybody speaks the same “language.”) Third,
protectionism, with an ensuing reduction in trade and foreign direct investment (FDI), can lead to
lower inflow of new knowledge.?® In all these settings, each specialized or concentrated group of
researchers becomes “an island” that gets draws from the outside world’s knowledge only rarely;
almost all of the learning happens from interacting with other people.

Figure 11 shows that if individuals have less access to external knowledge (mx decreases, while
mp is held constant), the average idea quality is lower and the productivity of individuals grows
slower. Analogous to the case of higher interaction costs, and for similar reasons, a rarer access
to external knowledge increases the average team size. See also Appendix Figure A-4 for the full

distributions of team size and productivity for different rates of external learning.

Historically, there have been many examples of external knowledge channels improving knowl-
edge and productivity in previously autarkic societies. Roads, railroads, sea routes, transport in-
frastructure and communication technologies were instrumental in facilitating knowledge “from the
outside” and, subsequently, speeding up innovation. The economic history papers presented in the
introduction describe many such episodes (see also Agrawal, Galasso, and Oettl (2017)).

37See also Appendix Figure A-3, which shows the effect of x (for values x = {0.9,1.2,1.6}) on the team size distribution
and the de-trended productivity distribution.

38See the papers on trade and technology diffusion discussed in Section 1.1, keeping in mind that in our case, it is
knowledge used to produce innovation, and not directly production technologies that are diffused.
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FIGURE 11: EFFECT OF ACCESS TO EXTERNAL LEARNING AND IDEAS
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Panel (A): represents the idea quality q(z,t) . Panel (B) depicts the yearly growth rate of product g, = ag and Panel (C)
the average team size. All plots as functions of external ideas meeting rate my.

5.4 The U.S. versus Germany: The Effects of Interactions in Different Labor Markets

We can also use our model to understand how interactions affect productivity and growth in differ-
ent economic environments. It is possible to slice the data in many different ways, and to estimate
the model separately by time period, by technology sector, or by country. Here, we estimate our
model separately for the U.S. and Germany — two major patenting countries with very different
labor markets and education (i.e., human capital acquisition) systems. Related to this, these two
countries have very different life cycle profiles of interactions and productivity (as illustrated in Fig-
ure 12). Using the same estimation procedure outlined above, but applied to the data from each
country separately, we obtain the country-specific parameters summarized in Table 8. The model
fits each country’s data remarkably well. The moments in the data and model are summarized in
Table 9 and Figure 12.

Panel (A) of Figure 12 shows that team leaders in Germany have, on average, more high-quality

interaction than those in the U.S. The endogenous meeting rate is higher for Germany (mp = 0.6096)
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TABLE 8: ESTIMATED PARAMETERS FOR THE U.S. AND GERMANY

Parameter All U.S. Germany (DE)
K 1.1906 | 1.4766 1.2181
mx 0.5281 | 0.5186 0.5023
A 0.5439 | 2.4436 0.1531
0 0.4503 | 0.4335 0.4555
v 0.5987 | 0.2976 0.8537
n 0.2698 | 0.2975 0.2190
o 0.2171 | 0.2918 0.2063
ko 0.0492 | 0.1910 0.0097
b 0.1220 | 0.1667 0.1131

TABLE 9: MOMENTS FOR THE U.S. AND GERMANY

Model Full Sample | Data Full Sample Model US Data US Model DE Data DE
Interactions Figure 12a Figure 12a Figure 12a Figure 12a Figure 12a Figure 12a
Patent Quality Figure 12b Figure 12b Figure 12b | Figure 12b Figure 12b | Figure 12b
Productivity All Figure 12¢ Figure 12¢ Figure 12¢ Figure 12¢ Figure 12¢ Figure 12¢
Team Size Distribution Figure 12d Figure 12d Figure 12d Figure 12d Figure 12d Figure 12d
Age Distribution Figure 12e Figure 12e Figure 12e Figure 12e Figure 12e Figure 12e
Interactions Coefficient, 81 0.0561 0.0561 0.0850 0.0850 0.0298 0.0298
Age Coefficient, B, 0.0389 0.0378 0.0595 0.0595 0.0150 0.0150
Fraction of Team leaders 0.5739 0.5793 0.5130 0.5430 0.5829 0.5806
Growth Rate 2.5% 2.5% 2.74% 2.74% 2.42% 2.42%

than for the US. (mp = 0.4227). This is a consequence of both lower meeting costs in Germany
(k = 1.2181 for Germany versus k = 1.4766 for the U.S.) and of a higher expected benefit of each
meeting. Team leaders in Germany start with ideas of lower quality level relative to team leaders
in the U.S,, as can be seen from Panel (B) of Figure 12. In the U.S., team leaders who just enter the
inventor labor force produce on average patents with 2.1 forward citations in a 3-year window; in
Germany, the average patent quality is almost one third less (0.71 forward citations). However, as
panel (C) shows, the productivity of all inventors grows faster in Germany than in the U.S. Thus, not
only do German inventors interact more often, they also learn more from each interaction. Finally,
over the period 1980 to 2010, the U.S. has experienced a 2.74% annual growth in real GDP, which is
higher than the 2.42% growth rate in Germany.*’. This higher growth rate implies that the efficiency
« of transforming innovations into output is higher for the US.

The data also shows that teams are on average larger in the U.S. (see Panel (D)). In line with this,
there are fewer team leaders in the U.S. (54% of all inventors) than in Germany (58% of all inventors).
In the U.S,, superstar team leaders build larger teams — this more rigorous selection is reflected in
the span of control 77, which is higher in the U.S. (see Table 8).

3The real GDP data used to compute these annual growth rates comes from the expenditure-side real GDP at chained
PPPs (in mil. 2011US dollars), from the Penn World Table 9.0 available on www.ggdc.net/put.
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FIGURE 12: TARGETED MOMENTS FOR THE U.S. AND GERMANY
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Panel (A) represents the high-quality interactions of a team leader as a function of his age (age 0 is the first year in the
patent data). Panel (B): represents the de-trended idea quality g(z,t)e 8¢ = g(z,t)e~8(1=!, where 8q = §(1 —1) is the
growth rate of idea quality, as a function of team leader’s age. Panel (C) depicts average inventor productivity z across
all inventors at a given age. It is normalized by productivity at age 0. Panel (D) shows the distribution of the team size n
and Panel (E) shows the distribution of age (time in the sample). For all panels, the blue figures represents the baseline

case with all the sample, the red figures the case using US data and calibration and the green figures using DE data and
calibration. 41
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The steeper lifecycle of productivity in Germany is entirely in line with the steeper profile of
wages documented in Lagakos, Moll, Porzio, Qian, and Schoellman (2017). These authors argue that
the different life cycles are most likely explained by human capital and search frictions. For instance,
manual occupations have flatter profiles than high-skilled occupations. Our model provides a micro-
foundation for how human capital is built (through interactions) and an explanation of how these
human capital acquisition processes differ in the U.S. and in Germany. Also consistent with Lagakos
et al. (2017), we found in Section 3 that interactions had a stronger effect on productivity in high-tech

sectors.

Counterfactual analysis: lowering interaction costs in the U.S. to their level in Germany

Suppose we reduce the cost of interactions «y;s in the U.S. from its actual level of 1.4766 to its
level in Germany xpg = 1.2181. The reduction in interaction costs increases the optimal meeting
rate by 13.8% (from 0.4227 to 0.4812) and increases the growth rate from 2.74% to 2.97%. Figure
13 shows that the average number of interactions per of team leaders increases at all ages as does
average patent quality (see Appendix Figure A-5 for additional results). The life cycle profile of
productivity in the U.S. steepens as human capital is built more extensively at each age through

increased interactions.

FIGURE 13: REDUCING INTERACTION COsTs IN THE U.S. TO THEIR LEVEL IN GERMANY
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Panel (A): represents the high-quality interactions of a team leader as a function of his age (age 0 is the first year in the
patent data). Panel (B) depicts average patent quality g(z, T) in the last period T = 25 years. In each panel, the solid blue
line represents the baseline case for the US. The black dashed line corresponds to the case changing the US interaction
cost parameter to the lower calibrated value for Germany (x = xpg).

6 Conclusion

A key input into the innovation production process is an inventor’s own knowledge. That knowledge
is built through interactions with others. In this paper, we build an innovation-based endogenous
growth model, in which we micro-found the innovation process at the individual inventor and re-

search team levels. An inventor acquires knowledge through interactions with others who are more
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knowledgeable than him or through alternative channels such as individual discovery, experience, or
learning-by-doing. The most productive (knowledgeable) inventors form research teams of varying
sizes and produce ideas of heterogeneous qualities that depend on their own knowledge. Thus, we
bring together the diffusion and innovation-based growth literatures; in our paper, the knowledge
diffusion model nests within the innovation-based growth model.

One of our key contributions is to bring data to a heretofore largely theoretical literature; we
provide a framework that brings micro data to a general equilibrium innovation model. We use
brand-new panel data on millions of European inventors matched to their employers and patents.
This allows us to give empirical content to typically very hard to measure concepts such as interac-
tions, productivity or knowledge, and research teams, to discipline the key ingredients of the model,
and to estimate it. We find that interactions are crucial in explaining individual productivity and
aggregate growth.

In future work, our model could be used to study the effects on growth and productivity of
many important policies that affect the cost of interactions in different ways. What are the effects
of non-compete laws which prevent inventors from easily moving between companies? Do labor
market frictions and dynamics indirectly play a role for innovation and productivity because of their
impact on the ease of interactions? How do immigration policies affect the inflow of new inventors
and ideas? Our theoretical and quantitative framework, coupled with this new large-scale micro

data could shed light on these questions.
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Appendix

A-1 Proofs from Section 2

Value function of final good producers

We here show that the value function of any final good producer is linear in A;. With some probabil-
ity x (which we do not need to specify here), the final good producer will purchase an idea of quality
q for a total price P = pq from the research teams. The value of a final good producer satisfies:

rVi(t) = Vi(t) = TL(t) + XE(V(A; +q) — V(A;) — P) (A-T)

where the expectation is over the possible values of 4. Assume that on a balanced growth path, the
value V grows at rate ¢y so that V;(t) = gvVi(t). The wage w,(t) grows at rate ¢, and A grows at
rate g .

Profits are: T1;() = a(1 — &) = wy ()T A;(t).

Let us conjecture that the value function takes the form:

a—1

1 _
14 (Al) = D0A;w,” + A" (A-2)

for some coefficients v and 7.
Under this conjecture, the left hand side of A-1 becomes:

a—1

a-1 _ -1 a-1 _
roA;w,~ +roA* — (‘xagw> Aw," —agz0A"

Under the assumptions in the main text, the total price for an idea of quality g is P = ﬁ%, or,
a—1

using the formula for the wage, P = ()qqu where Q) is a constant. The right hand side of (A-1) is
then:

a—1

el e
Ai(t) + xE, [ﬁqwu“ — Qquw,*

1-a a—1

a(l—a) « wy,(t) =

Equating the coefficients on all terms in A;(f) on the left hand side and right hand side we get:

Note that:

a—1 a— a—1
o

xE, dqu,s — Qqu, | = x [0 — Q] qu,,
Note that from the formula for the wage: t--w,(t) = A(t)" for some constant. In addition, 4gA.

A-1
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Equating all remaining terms and substituting for A yields:
- 1 - 1 R ~ 1 « % aTq
rvmwu — OCgAvmwu - X [U — Q] gA m wu wu
5 x[0-0)gs
1o
(r—aga)(1—a)=

The value function thus takes the shape conjectured in (A-2) and is linear in A;(t).

We can further rewrite the value function as a function of own productivity A;(t) and ag-

gregate productivity A(t) only. Using that w,(t) = a=(1— x)c, we get that: V (4;) =
1-a . _
:é,(l(;;gl;) Aigi=(1—a) ‘' + 0A®%, which simplifies to:
44 Aj; = Aj; P %
V(A;) = — + A =v—"— +0A*  withh v=—v——
( Z) r+ (%gw) Al-a Al r+ %gw

This means that the marginal return to purchasing more quality (%’?")) is the same across all

final good producers, regardless of their starting level of A;. This confirms the claim in the main
text.

Proof of proposition 1

Proof. First lets show

Recall that the system of BGP equations consists of equations (13) and (14). Using equation (14),

1-®(x) _ Joo (1 =T(x,s))dQ(s)
x—1/8 x—1/0 :

This equation implies it is sufficient to show, 1 —I'(x,s) > 1 —T'(xe8s,0) , Vs, since taking the
limit on both sides,

hml;{)(x) — lim fooo (1-T(x,s))dQ(s) S limw

= koe ¥ >0
y—oo  x—1/0 Yoo x—1/8 ¥ x-1/0 0 ’

The last inequality directly from Assumption 4 and e 95 >0, Vs.
We also have that 1 —T'(x,s) > 1 —T'(xe®%,0) <= T'(xe$5,0) > I'(x,s) Vs. Taking logs on both
sides of this inequality,

S S
logI'(xe3%,0) > logT'(x,s) = —mD/ (1 - CD(xeg(s_T))) Tt — mx/ (1 - "I’(xeg(s_T),T)) dt +logT'(xe,0)
0 0
S B
— 0> —mD/ (1 - @(xeg(s_T))> T — mx/ (1 - ‘I’(xeg(s_T),T)) T,
0 0
This inequality holds whenever either mp > 0 or mx > 0 and the distributions are not degenerate.

A-2
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Therefore we have,

kim lim L2

g
v — o > koe 0% > 0.

We now show that the growth rate is given by the formula in the proposition. Combining
equations (13) and (14), we get:

@(x) = [ T(xes0) [ormo i1 e ¥ )i ),

Taking the derivative with respect to x,

P(x) = / ) dr(zejs’o)egSe—mD~f5 (1=(ess™D) )dr—mx J (1-¥ (xeS 01T 50y )
e g e (¥ [ st s i
Jo 0
S
+mx/0 P(xe8C~), 1)e8=Tdr| dQy(s). (A-3)

Under assumption 4:

S—T dl'(xes%,0) os —og
lp(xeg( )/S) p(s)e—g(s—r)—g(s—r) ( Les koe—8/°

. o : dx —
Im = = dim = T
g(s—1)
We already showed that hrn 1(/? ;= 9, which implies that hm ¢§fof i ) — ge—g(s—T)—g(s—T). Hence,

for x large, the growth rate has to satisfy,

—-1/6-1 0 —3s5..—1/6—1 s Ta—1/0—1 x—1/6-1
kxT :/ [koegg-l-mp/ kx9€ o(s T)dr-l-mx/ 076 =Ddr| dOy(s)
0 0

<D\D<>

which yields the growth rate formula in the main text:

g ™Mb fooo <1 B eigs) + % fo fo el DdtdQ(s)
o fo FaQ(s |
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A-2 Additional Data Information

FIGURE A-1: ArPLICATIONS AT THE EPO BY COUNTRY AND YEAR
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A-3 Additional Figures from Section 5

FIGURE A-2: EFFECT OF INTERACTIONS AND EXTERNAL LEARNING ON GROWTH: ADDITIONAL
REesuLTs
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Panel (A): represents the de-trended idea quality q(z, t)e 87 = g(z,t)e=8(1=1t, where g7 = §(1 — 1) is the growth rate of
idea quality, as a function of team leader’s age. Panel (B) depicts average inventor productivity z across all inventors at
a given age. It is normalized by productivity at age 0. Panel (C) shows the distribution of the team size n and Panel (D)
shows the distribution of age (time in the sample). In each panel, the solid blue line represents the baseline case, with both
the endogenous interaction channel and the external learning channel active. The black dashed line corresponds to the
case with no endogenous interactions (mp = 0) and the red dashed line to the case with no external learning (mx = 0).
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FIGURE A-3: REDUCING INTERACTION COSTS x: ADDITIONAL RESULTS
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Panel (A) shows the distribution of the team size n and Panel (B): represents the distribution of de-trended idea quality
q(x) = q(z,t)e 8=t for three levels of interaction costs, x = 0.9,1.2,1.6.

FIGURE A-4: REDUCING THE EXTERNAL LEARNING RATE: ADDITIONAL RESULTS
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FIGURE A-5: REDUCING INTERACTION COSTS k75 IN THE U.S. TO GERMANY’S LEVEL

Productivity (Normalized)
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Panel (A): represents the de-trended idea quality q(z, t)e 81t = q(z,t)e"8(1=1)!, where g; = g(1 — 7) is the growth rate
of idea quality, as a function of team leader’s age. Panel (B) depicts average inventor productivity z across all inventors
at a given age. It is normalized by productivity at age 0. Panel (C) shows the distribution of the team size n and Panel
(D) shows the distribution of age (time in the sample). In each panel, the solid blue line represents the baseline case for
the US. The black dashed line corresponds to the case changing the US interaction cost parameter to the lower calibrated

value for Germany (x = kpg).
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OA-1 Data and Variable Construction

FIGURE OA-1: AVERAGE NUMBER OF PATENTS PER INVENTOR: ToP 10 COUNTRIES
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Country: inventor's first country of residence

OA-1.1 The Disambiguation Algorithm

For disambiguation, we rely on the Massacrator 2.0 (Pezzoni et al. (2014)). In a nutshell, Massacrator
2.0 is a disambiguation algorithm based on a 3-step procedure (see Raffo and Lhuillery (2009), for
a detailed overview of inventor disambiguation approaches): first, cleaning/parsing of the relevant
text string (inventors” name and surname, plus addresses). Second, the matching stage, in where the
algorithm selects pairs of inventors, from different patents, who are likely candidates to be the same
person, due to homonymy or quasi- homonymy of their names. Finally, the filtering stage, where all
the pairs of inventors’ names who are likely to be the same person are compared according to addi-
tional information retrieved either from the patent documentation or external sources. This includes

OA-1
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TaBLE OA-1: NUMBER OF PATENT APPLICATIONS WORLDWIDE AND BY SELECTED PATENT OF-
FICES (1995-2010)

Year Applications Patent Families Applications at Share EPO over Share EPO over Applications at Share USPTO Share USPTO
worldwide EPO applications families USPTO over over families
applications
1) @ 3 O] (5) (6) @) ®)
1995 1,047,400 572,565 71,861 6.86% 12.55% 192,638 18.39% 33.64%
1996 1,088,400 592,413 79,104 7.27% 13.35% 194,631 17.88% 32.85%
1997 1,163,200 627,835 90,047 7.74% 14.34% 226,298 19.45% 36.04%
1998 1,214,800 665,622 102,159 8.41% 15.35% 236,149 19.44% 35.48%
1999 1,268,400 695,482 112,525 8.87% 16.18% 267,705 21.11% 38.49%
2000 1,377,400 772,496 126,947 9.22% 16.43% 321,306 23.33% 41.59%
2001 1,456,900 803,126 135,919 9.33% 16.92% 375,503 25.77% 46.76%
2002 1,443,600 806,431 134,700 9.33% 16.70% 385,722 26.72% 47.83%
2003 1,490,300 841,558 140,760 9.45% 16.73% 402,947 27.04% 47.88%
2004 1,574,400 863,716 149,644 9.50% 17.33% 453,647 28.81% 52.52%
2005 1,702,900 905,780 159,748 9.38% 17.64% 495,523 29.10% 54.71%
2006 1,791,200 929,842 166,677 9.31% 17.93% 490,291 27.37% 52.73%
2007 1,876,900 956,422 168,116 8.96% 17.58% 500,638 26.67% 52.34%
2008 1,929,200 984,022 168,860 8.75% 17.16% 488,789 25.34% 49.67%
2009 1,861,700 955,880 158,985 8.54% 16.63% 457,481 24.57% 47.86%
2010 1,996,800 1,009,086 164,431 8.23% 16.30% 478,533 23.96% 47.42%

Source: Adapted from Miguelez (2016). World Intellectual Property Indicators — 2013 edition (Wipo,

calculations from PatStat.

OA-2
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information of common co-inventors, inventors” addresses geographical location, information on
common applicants of their patents, common technological classes (according to the International
Patent Classification — IPC), and the common cited prior art of the two inventors. The algorithm
is calibrated against two benchmark datasets. The first one is a group of 530 academic French in-
ventors, for whom all their patents were retrieved manually from PatStat and other sources. The
second is a list of 342 faculty members of the EPFL (“Ecole Polytechnique Federale de Lausanne”),
for whom again their patenting record is manually verified (see Lissoni et al. (2010)).

OA-1.2 Technology Fields and the International Patent Classification

The International Patent Classification (IPC) provides a hierarchical system of codes for the classi-
fication of patents and utility models according to the different areas of technology to which they
pertain. This large list of technology codes can be grouped into meaningful technological fields.
Here we used the classification built by the French “Observatoire des Sciences et des Techniques”
(OST), which groups IPC codes into 30 meaningful fields, which are further regrouped into 7 board
fields (OST, 2008). Table OA-2 shows the OST Technological classification used in the paper, as well
as the distribution of patent application across fields, for the whole period under analysis.

OA-1.3 Inventors’ Employment Histories

We assume that a given inventor i is active in a firm f; from the year of his first patent in firm f; to
either (1) the year before the first patent invented in firm f, or (2) to the year of the last patent in
firm f; in case he does not have any further patent afterwards. Figure OA-2 depicts a hypothetical
example of employment history construction. In that figure the inventor is listed in five patent
applications from three different applicants and has thus three job spells (JS). JS 1 lasts from 1980,
the year of the first patent in firm 1 to 1982, the year before the first patent in firm 2. JS 2 lasts from
1983, the year for the first patent in firm 2, to 1988, the year before the first patent in firm 3. Finally,
in 1989 and 1990 the inventor is in firm 3.

FIGURE OA-2: ExAMPLE OF EMPLOYMENT H1sTORY CONSTRUCTION

Applicant 1
s L2 |
Applicant 3 ;

P1,1980 P1, 1982 P2, 1985 P3, 1989 P3,1990

We make use of the HAN database (OECD HAN database, January 2014) of Harmonized Appli-
cants’” Names in order to track assignees over time.

OA-3
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TABLE OA-2: OST TECHNOLOGICAL RECLASSIFICATION

’ 30-code ‘ 30-Name ‘ # patents ‘ % ‘ 7-Code ‘ 7-Name
1 Electrical engineering 251,175 5.88 1 Electrical engineering; Electronics
2 Audiovisual technology 165,344 3.87 1 Electrical engineering; Electronics
3 Telecommunications 256,220 6.00 1 Electrical engineering; Electronics
4 Information technology 220,204 5.15 1 Electrical engineering; Electronics
5 Semiconductors 107,972 2.53 1 Electrical engineering; Electronics
6 Optics 136,551 3.20 2 Instruments
7 Control technology 304,393 7.12 2 Instruments
8 Medical engineering 195,726 4.58 2 Instruments
9 Nuclear technology 18,774 0.44 2 Instruments
10 Organic chemistry 195,457 4.58 3 Chemicals; Materials
11 Macromolecular chemistry 161,291 3.78 3 Chemicals; Materials
12 Basic chemistry 146,652 3.43 3 Chemicals; Materials
13 Surface technology 95,226 2.23 3 Chemicals; Materials
14 Materials; Metallurgy 101,127 2.37 3 Chemicals; Materials
15 Biotechnologies 151,143 3.54 4 Pharmaceuticals; Biotechnology
16 Pharmaceuticals; Cosmetics 252,034 5.90 4 Pharmaceuticals; Biotechnology
17 Agricultural and food products 45,034 1.05 4 Pharmaceuticals; Biotechnology
18 Mechanical engineering (excl. Transport) 159,877 3.74 5 Industrial processes
19 Handling; Printing 178,495 4.18 5 Industrial processes
20 Agricultural and food apparatuses 168,358 3.94 5 Industrial processes
21 Materials processing 38,158 0.89 5 Industrial processes
22 Environmental technologies 42,269 0.99 5 Industrial processes
23 Machine tools 94,044 2.20 6 Mechanical eng.; Machines; Transport
24 Engines; Pumps; Turbines 109,656 2.57 6 Mechanical eng.; Machines; Transport
25 Thermal processes 63,544 1.49 6 Mechanical eng.; Machines; Transport
26 Mechanical elements 144,345 3.38 6 Mechanical eng.; Machines; Transport
27 Transport technology 175,345 4.10 6 Mechanical eng.; Machines; Transport
28 Space technology; Weapons 15,523 0.36 6 Mechanical eng.; Machines; Transport
29 Consumer goods 166,739 3.90 7 Consumer goods; Civil engineering
30 Civil engineering 111,541 2.61 7 Consumer goods; Civil engineering

Notes: Patents assigned to more than one category are counted more than once.

The OECD HAN database, January 2014 edition, combines information on 317,927 applicants’
names listed in 2,776,774 patent applications. Of them, 2,519,069 (90.7%) have only one applicant,
while 9.3% patents list more than one. For the remaining 178,281 patent applications with no link to
the HAN database, harmonized applicants’ names are extracted from the CRIOS-PatStat database
(Coffano and Tarasconi (2014)).

OA-+4
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F1GUurReE OA-3: CALIBRATED MOMENTS
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Panel (A) represents the high-quality interactions of a team leader as a function of his age (age 0 is the first year in the
patent data). Panel (B): represents the idea quality measured as the 3-year citations of patents produced by a team, as
a function of team leader’s age. Panel (C) depicts average inventor productivity (his citation weighted patent stock, P;;
on the main text) across all inventors at a given age. It is normalized by productivity at age 0. Panel (D) shows the
distribution of the team size n and Panel (E) shows the distribution of age (time in the sample).
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OA-2 Computational Algorithm

Computational algorithm

In this appendix we describe the details of the simulation of the model. We simulate the model
for ng, = 1,000,000 individuals for T = 25 years, and subdivide each period using a step size of
At =0.2.

We assume individuals initially draw from a Log-logistic distribution I'(x,0) = Hkoﬁ To
do this, we first simulate ng,, draws from a uniform distribution (Uj, ..., U,,,,) and then apply
the inverse distribution F~!(z,0)(U) to produce a simulated vector for the initial period x(0) =
(x1(0), ..., xn, (0)), where F(z,0) = We use this same procedure for all simulations involv-
ing a known distribution.

Given the initial vector x(0) we simulate the paths for each of the ng;,, individuals. With probabil-
ity mpAt an individual meets another. We simulate these meetings using the empirical distribution,
fitted with a Pareto tail.! Individuals who meet with others, choose the maximum between their
productivity x;(t — 1) and the one they draw from the simulated distribution xP (t) ~ ®(x). So their
new productivity in period t is z;(t) := max{x;(t — 1), xP(t)}.

Each period, individuals also draw from the age-dependent external distributions ¥(x,s) with
probability mxAt. We assume the external distributions are Log-logistic with location parameter
p(s) = ps’, ¥(x,s) = m. Individuals who draw from the external source distribution obtain

1
14+Az-1/0"

the maximum productivity from either their last period productivity or the one they draw from the
external distribution xX(t) ~ ¥(x,s).

Hence, in each period, individuals are characterized by two states: their age s;(¢) and their pro-
ductivity z;(t). We compute the growth in productivity using the formula: g,(t) = W.
We de-trend the gross productivity vectors using this growth rate, x;(t) = e~82z;(t) Vi = {1, ..., ngim }-

Figure OA-4 illustrates the simulation procedure.

FIGURE OA-4: SIMULATION PROCEDURE
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We save the information of wether an individual interacted with another individual or drew
an idea from the external source of ideas and wether the draw was successful (i.e., whether the
individual learned something) or not.

Once we have the simulated vectors of productivity x(¢) and age s(t) = [s1(f),...,Sn,, ()], and
have registered all endogenous and external interactions, we compute each of the targeted moments

IWe use MATLAB program paretotails.m. For more information see https://www.mathworks.com/help/stats/
examples/nonparametric-estimates-of-cumulative-distribution-functions-and-their-inverses.html .
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and minimize the score function:

Lix) = min%w' |model (i) — data(i)|
A= R LT odel (1) + b data(i)]

Modeling R&D subsidies

One of the things we checks in the main text is the goodness of fit of our model for non-targeted
moments, two of which are elasticities of wages and team sizes to R&R tax credits. We now explain
how we can compute these in the model.

In the model, R&D subsidies or tax credits can be modeled as a subsidy on the teams’ research
wage costs. Specifically a fraction ¢ of the wages paid to team members is covered by the govern-
ment. The optimization problem of a team leader with productivity z is now,

max p(H)z T — (1 —¢)w(t)n.

1
The number of team members hired is n(z,t) = ( g L é?zZ(t)) "7 2, the idea quality produced is

1 1
q(z,t) = (ufg)zz(t)) """ 2, and profits are 71(z,t) = p(t) <(1f§;t))£<t>) " (1 —n)z. Note for a given w(t),
higher subsidies increase team size, quality of patents and team leaders profits.

The occupational choice is also affected and in turn changes equilibrium wages and the fraction
of individuals that become team leaders. As before, an individual of productivity z chooses to be a
team leader if the profits he makes are larger than the wage he receives as a worker. In this case, the
cutoff Z(t), determined by the individual who is indifferent between becoming a team leader and a

worker, is given by:

ﬁ w — 1-
(1= mz(Opn " = p((;) t (1’7_)9)3'7"20)1—'7.
(0A-1)

w(t) = w(2(t),t) = <(1_Z)w(t)>

The effect of the subsidy on wages depends on the team member share in the idea production. If
1 is higher, output is more elastic with respect to team members, and team members would accrue
a larger share of the subsidy.

We solve for the cutoff z(t) and wages w(t) using equation (OA-1) and the labor market clearing
condition, to yield:

(1= Q)= =OFE ) =y [ 2f(z iz (0A-2)

A subsidy ¢ > 0 increases the aggregate demand for team members, and, thus the share of
inventors who become team members. We can show this formally, by implicitly differentiating
equation (OA-2), which yields:

dz _ (1-¢)(1—n) (F(2) +2f(2)) + n2f(2)

dc (1—n)2E (@) =0

and which is positive.
Using the characterization from above we show average team size is increasing in the subsidy ¢.

Proposition 1. Average team size is increasing in ¢

OA-7
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Proof. We can rewrite the optimal team size using the market clearing condition as:

7’12_—( )
B = I i

Using this expression we compute the average team size,

. Jon n(z 1) f(z,1) _ E(z1)
=TT ) T I-FGED

Since F(-,t) is monotone increasing, the average team size is increasing in z, which, as we just
saw, is itself increasing in .
O
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