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1 Introduction

Man does not create material things, he only creates ideas.1

The creation and diffusion of ideas and knowledge have long been recognized as fundamental

for economic growth as well as institutional change.2 How are new ideas and new knowledge

created? And how do they diffuse? How do spatial connections affect the diffusion of ideas?

Previous literature on knowledge, ideas and their diffusion has either studied single successful

ideas, or the diffusion within a given area of knowledge, or kept the diffusion mechanism

fixed.3 We know little about what happens in aggregate with increased connections, for all

ideas in all fields, and without selecting on ideas’ success ex post.

This paper investigates the creation and diffusion of ideas in the context of knowledge

production, where ‘knowledge’ follows the broadest possible definition, referring to the con-

tent of any printed text. Specifically, I study cities of the German-speaking world in the

19th century, which historians have identified as a defining moment for the development of

the modern production of knowledge, with unprecedented growth in innovation and major

scientific contributions. To study the effect of a significant shock to idea diffusion, I exploit

the introduction of the railroad network, and thereby trace the effect of spatial connections

on the specialization, production and transmission of new ideas.

Studying the effect of spatial connections on overall idea creation and diffusion comes with

several empirical challenges. First, it is necessary to have the most complete possible picture

of a settings’ intellectual production, including ideas that did not survive. Second, one needs

an appropriate measurement of ideas and knowledge. Third, the endogeneity of spatial

connections creates a further empirical issue. As I describe below, I address these challenges

with novel data, novel methods, and by following recent advances in causal inference.

To address the first challenge, Germany in the 19th century is especially adequate, not

only for the unique proliferation of ideas and for emergence of the modern system of knowl-

edge production. It also saw the first serious attempt by contemporaries at recording every

publication in a country (Domay, 1987), in a time when the communication of ideas occurred

chiefly in printing. This is especially important to capture the most complete possible pic-

ture of knowledge production, including ideas in all fields, even those that did not end up

1Francis Bacon, cited in Webster, Palangkaraya and Spurling (2021).
2See Mokyr (2002, 2016) for how the di�usion of knowledge contributed to Europe’s growth, and an

example of democratization waves is Acemoglu et al. (2019).
3For instance, recent literature studies one idea at a time, such as democracy (Tabellini and Magistretti,

2022; Simmons, Dobbin and Garrett, 2008) or liberalism (Simmons, Dobbin and Garrett, 2006), Darwinism
(Arold, 2022; Giorcelli, Lacetera and Marinoni, 2022), Protestantism (Cantoni, 2012), the recent MeToo
movement (Levy and Mattsson, 2022), or di�usion within science and technology (Giorcelli and Li, 2021),
especially measured through patents (Bloom et al., 2021).
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diffusing or persisting.

The empirical analyses rely on the collection and digitization of several original data

sources: the universe of bibliographies (records of all publications) compiled by contempo-

raries; the universe of the current bibliographic records of all German, Austrian and Swiss

libraries, research institutes, universities etc., containing 22 million items; the histories of all

the main publishing houses and distributors, including the technology used and their spe-

cialization; the approval and opening of all lines in the first 100 years of the railroad; various

variables on trade, passenger volumes, mail, telegraphs for each line; and the specific reason

for delays in construction, used to build counterfactual lines. I further collected city-level

data such as population, printing houses, newspapers; as well as the presence of universities,

significant scientific discoveries, and 230,000 standardized biographies of notable individuals.

The second challenge lies in measuring ideas. To operationalize the concept of an idea

into a measurable unit, an idea is defined as the specific topic of any publication with an

informative title, academic or not – in this sense, I use a broad definition of ‘knowledge’.

For measurement, note that a new idea can be reflected in language in different ways: a

new word is created, or previously disjoint words are combined. The German language is

especially adequate to measure the first: because of the use of compounds, new words are

very frequent when a new concept arises.4 The first measure hence relies on vocabulary

expansion. Second, for the combination of existing words, I measure how long it takes for

two concepts to co-occur since their respective appearance.5 To measure this efficiently, I use

topology methods applied to the lifetime of knowledge gaps in a concept network, described

in more details below.6

The third challenge lies in identifying the effect of networks (in this case, the railroad

network) on knowledge production. The analysis follows the most recent work on estimating

the causal effect specifically for infrastructure (Borusyak and Hull, 2023). New railroad lines

were clearly not built at random; more ‘central’ locations were more likely to be connected.

However, construction delays were frequent, and often occurred for reasons unrelated to

the line itself. The identification strategy exploits this exogenous variation in timing of

construction to recenter the treatment effect. By permuting completion status, the centrality

effect of lines that were selected into treatment, but were not built for exogenous reasons, is

4As an example, with the invention of the cylinder printing press, no new words are created in English,
but in German the word Zylinderdruckmaschine appears.

5E.g. it famously took 54 years (1828-1882) for the words Bakterium and Tuberkulose to appear together.
6Note that another possibility for innovation to be re
ected in text are semantic changes { a swift

alteration of a word’s meaning. For instance, the word Zelle was mostly used to describe a monastic cell until
the cell in biology was discovered. To measure this phenomenon, I am currently in the process of clustering
contextual embeddings (based on Sentence Transformers) to identify signi�cant changes in meaning. Note
however that drastic semantic changes occur relatively infrequently.
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subtracted from the observed treatment effect, attenuating selection concerns.

The empirical expectations can be summarized as follows. With denser spatial connec-

tions and the expansion of cities’ market access, knowledge production should increase in

volume as well as innovativeness. This paper will focus on two specific mechanisms that

could link connections to the increase in knowledge. First, scholars’ mobility: similar ex-

perts would be better able to co-locate, and cities would specialize. A long-standing tradition

stressing the importance of knowledge spillovers (Arrow, 1962; Romer, 1986), especially in

cities (Marshall, 1890; Glaeser et al., 1992) suggests that the clustering of specialists would

contribute to the rise of innovation. The second mechanism is ideas’ mobility: if ideas are

better able to travel, new ideas can emerge by combining existing ideas from different cities.

Note, however, that increased specialization and increased connections imply that new ideas

would diffuse more within their fields, but not necessarily overall, as scholars in each city

can focus on adopting ideas from their own field, and ignore dissimilar disciplines.

First, I test whether increased market access induced by the introduction of the railroad

and the reduction of travel time led to an increase in knowledge production, where I define

market access following Donaldson and Hornbeck (2016). I find that the railroad can ex-

plain roughly 11% of the increase in the number of publications. Not only more titles were

published, but also in more disciplines, and on more topics. The increase in quantity and

diversity is accompanied by an increase in novelty as well: the share of new words over the

total number of words increases. Furthermore, new knowledge is produced faster, as the

average time to close a knowledge gap (to make a connection between concepts that will

eventually be made) decreases significantly.

Next, to check that the mechanisms proposed are indeed are work, I establish that the

railroad did affect the movement of notable individuals and of ideas. Using event study de-

signs, I find that with the railroad ideas travel faster: conditional on being adopted in other

cities, the average time to reach new destinations decreases significantly. Notable individuals,

on the other hand, tend to move more: they are associated with a higher number of towns

throughout their lifetime if the railroad exists in their towns of birth. An interesting side

result concerns the background of who becomes a notable individual: after one generation

since the introduction of the railroad, the family of origins become more diverse – descrip-

tively, less likely to be from the upper classes. In other words, mobility had a democratizing

effect on the intellectual elites: a larger fraction of the population has access to, and can

produce, new knowledge.

Having established that the railroad did, broadly speaking, affect the movement of schol-

ars and ideas, I test whether specialization increases. At the individual level, over time,

individuals are more likely to specialize – they are less likely to be active in multiple fields,
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or be polymaths. While they move more often, they are not more likely to move to larger

cities necessarily, but to cities that have a larger presence of individuals in a similar pro-

fession – they cluster along substantive lines. Cities’ publications are more concentrated on

certain fields, and on certain subfields within those fields. Among all city-pairs, connected

cities become more dissimilar in the topics their publications are on.

I check whether different measures of market access are correlated with and affect special-

ization at the city level. The standard measure for market access (a function of cities’

population) is correlated with specialization in idea production, but it is not robust to sub-

tracting the centrality effect described above. On the other hand, intellectual market access,

a function of the other cities’ intellectual production, has a significant effect even after re-

centering. Access to the intellectual stock (which would support the ‘burden of knowledge’

hypothesis) is not significant. In other words, access to current new ideas being produced

elsewhere – an increase in the market size – leads to specialization in knowledge creation.

The second mechanism expects ideas’ mobility to affect knowledge production. I find

that once two cities become connected, scholars in those cities are more likely to produce

new ideas combining concepts coming from the other city, explaining roughly 16% of new

combinations. Furthermore, within the same discipline, new ideas are more likely to diffuse;

and the ideas that are able to diffuse initially are more likely to persist.

However, specialization means that there is an increased sorting of ideas as well: new ideas

do diffuse more within their field, but diffuse to a smaller number of cities, and diffuse less

to other disciplines, consistent with the formation and crystallization of disciplines. As the

physical constraint of proximity for information acquisition is less binding, information is

selected along substantive lines. Knowledge is more strictly separated into fields, and those

fields are less prone to cross-pollination. Clusters communicate more frequently with other

clusters in the same field, but less with other fields.

Last, I provide suggestive evidence that the documented fragmentation of knowledge is

related to further real outcomes. Cities’ specialization within the sciences is correlated with

tangible, relevant discoveries in the same field in the same city. As mentioned above, a

stricter separation into disciplines and subfields did not only occur within the sciences, but

also in the humanities and the social sciences. Interestingly, the change in the organization

of the social and legal sciences affected the training of bureaucrats, lawyers and legislators.

A stronger specialization on the ‘state sciences’ is correlated with a higher probability of

training high-ranking public officials. Legal scholars also narrowed their expertise: this was

reflected in the legislation they were asked to draft, and in turn affected implementation and

enforcement. In other words, the changes in knowledge production affected not only science,

but also the state and its institutions.
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This study contributes to several strands of the literature. First, it provides novel insights

on the mechanisms of di�usion of information. In recent years, with the rise of the Internet

and social media, work on information di�usion has focused on online polarization, bias in

information consumption, the spread of misinformation, and so forth.7 The common �nding

is that participation in such networks biases and narrows individuals' perceptions. The

processes described in this paper may remind the reader of similar dynamics: the possibility

to acquire a signi�cantly larger amount of information leads to a narrowing of one's focus and

perspective. Recent literature in this area disagrees on what exactly leads to this dynamic;

but whether the source is biased algorithms, homophily, or individuals' previous values and

beliefs, the exact mechanisms are tied to the speci�c functioning and interactions within

social media or the internet. What distinguishes the �ndings of this paper, beside the breadth

of the ideas considered, is that the results are not tied to a similarly speci�c intermediary: the

narrowing of the focus is a direct function of the increased amount of information accessible.

Second, this study contributes to a growing literature in historical political economy. Pre-

vious work set in the same time period (the 19th century) stresses the role of human capital

as a source for industrialization and growth. For instance, Becker, Hornung and Woessmann

(2011) and Squicciarini and Voigtl•ander (2015) study the development of human capital and

their link to growth and industrialization. Hanlon (2022) and Maloney and Valencia Caicedo

(2022) the rise of the engineer; Dittmar and Meisenzahl (2022) the emergence of research

universities, while Sera�nelli and Tabellini (2022) the role of markets and institutions for

creativity. This paper takes human capital as a pre-condition, and focuses instead on the

content of knowledge. It adds a new factor { individuals' mobility { and shows the impor-

tant consequences it had for the further democratization of knowledge production and the

expansion of the intellectual elites. Compared to work on historical scienti�c advancement,

which usually relies on the e�ect of foreign ideas or immigrants,8 this study does not involve

external sources of knowledge creation, but explains endogenous, domestic ideas generation.

Taken together, the results challenge three commonly held notions: that networks and

integration increase di�usion and convergence; that ideas di�use linearly across space (or

purely as a function of their medium of di�usion); and that specialization in knowledge is a

product of the burden of knowledge alone.

7For a recent review, see Zhuravskaya, Petrova and Enikolopov (2020). For some examples on Facebook:
Bakshy, Messing and Adamic (2015), Levy (2021), for Twitter: Halberstam and Knight (2016).

8For example, Moser and San (2022) investigates the role of immigration; both Moser, Voena and
Waldinger (2014) and Becker et al. (2021) study German academics and innovators as they emigrate during
the Nazi regime; Abramitzky and Sin (2014) explore the import of foreign knowledge after the end of Com-
munism, Borjas and Doran (2012) the in
ux of Soviet mathematicians to the US speci�cally, while Giorcelli
and Li (2021) the role of external alliances; Iaria, Schwarz and Waldinger (2018) international knowledge

ows.
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The rest of the paper is organized as follows. In the next section, I present the existing

theoretical expectations on the di�usion of information in a network, and I show that inte-

grating a knowledge production process in a model of di�usion reverses such expectations.

In section 3, I provide a brief overview of the historical background. I describe my original

datasets in section 4 and the methods for the text analysis and identi�cation strategy in

section 5. I present my results and robustness checks in section 6. Section 7 discusses the

consequences of specialization. Section 8 concludes with implications and open questions.

2 A Model of Idea Generation and Di�usion

The goal of this section is to explore what one would expect, theoretically, for the creation

and di�usion of ideas once cities' connections become more dense. First, I set up a simple

model of di�usion to adapt standard results from network theory to my setting. Next, I

complement the model by including a mechanism of knowledge production which includes

local and global knowledge spillovers.

The main mechanisms of the model are simple. In an extreme scenario with no connec-

tions between cities, every knowledge producer is a generalist: they can only rely on their

own knowledge, thus need to cover every possible topic, but can only do so in a super�cial

way. With connections, knowledge can 
ow from other cities, and idea creators can focus

on a narrower �eld in a deeper way, delegating the rest of knowledge to producers in other

cities. Intuitively, with connections, we hence expect increased specialization, which is the

�rst hypothesis that will be tested.

Knowledge spillovers play an important role. Following a long tradition in urban eco-

nomics, if two knowledge producers co-locate in the same city, additional knowledge will

be created through positive externalities. This has an important consequence: with more

spatial connections, the costs of moving will decrease for scholars, and they will move to

cities with creators of similar expertise. Cities will thus specialize, as they attract scholars

from a speci�c �eld, and additional knowledge will be created thanks to the spillover e�ects.

The second hypothesis is therefore that knowledge production increases with connections.

What are the implications for di�usion? I show that with increased connections, di�usion

decreases, which is the third hypothesis that will be tested. With scholars and cities special-

izing, the chances of knowledge producers adopting an idea from a speci�c �eld is lower, as

their focus is narrower. Niches form, that are well connected across cities, but that ignore

the expertise created in other �elds. While the simple model of di�usion predicts networks

to increase the overall transmission of information, a model that incorporates �eld-speci�c

selection of information predicts the opposite.
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The following provides the intuition and results of the model, which can be found in the

Theoretical Appendix. The empirical implications are in section 2.3.

2.1 Atomistic Di�usion with Na•�ve Learning

Assume that in a number of cities there are innovators who are engaged in creating new

knowledge (ideas). Suppose that all of knowledge can be divided into two areas, referred to

as �elds or disciplines in what follows. For simplicity, each city starts with one idea creator

in each �eld.

Ideas can move between cities as long as there is a physical connection (a positive link)

between them, and someone active in the same discipline to adopt them. At time 0, every

innovator creates a new idea. Each idea travels to all other cities that have a series of positive

links starting from the city of its creator. At time 1, ideas will thus be adopted in every city

that can be reached through positive links from the origin. Intuitively,

Proposition A1. Ideas di�use to a (weakly) higher number of cities when the number

of positive links increases.

Proof: in the Appendix. For what follow, de�ne M the adjacency matrix for the cities'

connections, and� (M ) the number of cities an idea would reach on average.

With more connections, ideas have a higher chance of reaching any other city in the

network. More positive links imply more possible paths connecting any two cities, and thus

a higher chance of ideas traveling between them. As long as two cities have an uninterrupted

sequence of connections between them, they will have the same ideas adopted at time 1.

Proposition A2. With an additional positive link, the probability that an idea is present

in any two cities (weakly) increases.

Proof: in the Appendix.

A denser network means that the distribution of ideas present at time 1 in two di�erent

cities is more likely to be the same. More links lead to uniformity. Consistent with what

has been shown elsewhere, a network in which there exists a path between all pairs of nodes

(cities in this case) will reach convergence (Golub and Jackson, 2010): all cities adopt all

ideas.

2.2 Idea Generation with Knowledge Spillovers

The approach just outlined abstracts from how new ideas come to life. More realistically,

innovators in a given �eld choose their area of expertise, and produce new ideas within it.

They face a trade-o� between the coverage (k > 0) and the depth (d � 0) of their knowledge:
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they can either be experts in a narrower �eld, or generalists with a more super�cial expertise.

Each producerp is hence time constrained such thatkp + dp � T.

The demand for knowledge is exogenous, coming from societal actors. Such demand is for

all topics in both �elds, where �elds are denoted byD 2 f 1; 2g. Innovators provide answers

based on the knowledge they have available. Society, however, rewards a deeper answer

compared to a shallow one. The valueV each producer receives from responding to society's

questionsq is hence:

V(q) =

8
<

:
1 + d�

c 1[Dq = Dp] if q 2 Ap

0 otherwise
(1)

where Ap is the knowledge available to producerp, � < 1 depicts the decreasing returns

from investing in depth, andDq = Dp holds if society's question lies in the producer's �eld

of expertise.

How do innovators respond to society's need for knowledge? Knowledge spillovers are

central to this process. A knowledge producer can answer society's questions either with

their own expertise (kp), or through the knowledge coming from global or local spillovers.

Global spillovers refer to knowledge produced in other cities (A � c) that reaches a speci�c

creator. They depend on the connections a city has with other towns; de�ne the share of

outside knowledge� (M ). The more the links, the higher the global spillovers.

Local spillovers (� ) refer to the knowledge created by other scholars in the same town

(Nc). To capture the notion that human capital accumulates faster in cities due to frequent

interactions allowing rapid learning (Glaeser, 1999; Iversen and Soskice, 2020), proximity to

other scholars in the same �eld comes with the transmission of additional depth in knowledge.

Summing up, the knowledge available to idea producerp in city c is given by:

Apc = kp + � (Nc) �
X

N c � 1

ks + � (M ) � A � c (2)

To understand the e�ect of connections, consider �rst the hypothetical, extreme, scenario

where there are no positive links between cities (� (M ) = 0). What is known is the knowledge

created in a city, and nothing else; and because there are no connections, scholars cannot

move. But societal actors have a demand for all possible knowledge, and the two scholars in

each city will have to answer all of society's questions. It follows that:

Lemma B1. With high transmission costs, all scholars are generalists: if� = 0, then

kp = 1 and dp = 0.

Proof: in the Appendix.

In other words, both scholars in each city will expand the breadth of their knowledge in
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their respective �eld as much as possible, sacri�cing depth.

What happens if links were created between cities (� (M ) > 0)? Part of the necessary

knowledge would be coming from the outside, without innovators needing to be actively

engaged in all topics. They become more focused, and depth of knowledge can hence increase.

Lemma B2. If � > 0, k < 1, d > 0. As connections increase, scholars specialize.

Proof: in the Appendix.

Understanding the causes of specialization is crucial: a centuries-long scholarly tradition

has stressed how specialization increases productivity and therefore growth. This model's

driving force for specialization is similar to Adam Smith's familiar explanation: specialization

is a function of market size. In this case, what de�nes `market size' are connections allowing

global spillovers.

Note, however, that the causes for specialization in knowledge are far from obvious. The

conventional wisdom is that a narrow expertise (especially in science) is a function of the

burden of knowledge: specialization is necessary as scholars are encumbered with more and

more to learn. Specialization is hence a function of the volume of previously produced

knowledge, not current market size or active connections. Both hypotheses will be tested in

the empirical section.

Adding another layer to the model, innovators also face a choice on whether to move to

another city. Assuming there are costs from moving, increased connections across cities would

arguably decrease such costs. The bene�ts from moving are linked to the local knowledge

spillovers mentioned above: being close to other creators in the same �eld comes with positive

externalities. With little connections, the costs of moving would outweigh the externalities,

and innovators do no move. With more links, past a certain point of connectivity, (at least

some) creators would solve this trade-o� di�erently, as the knowledge spillovers become more

valuable than the moving costs.

Note the implications: creators would move to cities with similar scholars. They can

access knowledge from other �elds thanks to global spillovers, which will be su�cient if

connections are high enough { the same conditions that leads them to move. Di�erent cities

will hence attract innovators in di�erent �elds. In each city, scholars will produce knowledge

in one �eld only, and not the other.9

Proposition B1. As connections increase, scholars are more likely to move, and cities

specialize in one discipline or the other.

Proof: In the Appendix.

9Note that congestion costs prevent everyone from moving to the same city.
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The patterns of idea di�usion would also change. Now, cities are active in one �eld only.

If two cities become newly connected, a new idea may not di�use to the other city, if there

is none active in the same �eld to adopt. Past the threshold of connections in which cities

specialize (� � , see Appendix), as scholars pay attention only to their own discipline, the

di�usion of ideas would decrease.

Proposition B2. Above a certain threshold of connections, ideas di�use to a smaller

number of cities: � (M )
N c

instead of � (M ).

Proof: In the Appendix.

2.3 Summary of Empirical Expectations

Following a standard model of di�usion, it can be expected that:

(A1) New connections increase the di�usion of ideas:with more links, information has

more routes to reach any agent or city.

(A2) With more connections, cities converge on the topics or ideas they adopt: more links

imply that the chance of any two cities to receive and adopt the same information increases.

Including a knowledge generation process with local and global spillovers, one can expect

instead:

(B1) As connections increase, scholars specialize: if part of the necessary knowledge is

produced elsewhere and becomes available in their city, writers can focus on less topics, and

increase the depth of the knowledge they produce.

(B2) With su�cient connections, scholars move to other cities: with lower transporta-

tion costs, they can exploit local knowledge spillovers by moving to the same city as others

in the same �eld.

(B3) With more connections, cities specialize: as scholars in similar �elds cluster in the

same place, the knowledge produced in a given city is more specialized.

(B4) Increased connections let cities diverge: since there are gains from being in the same

city as similar scholars, each city will attract knowledge producers from di�erent �elds.

(B5) Beyond a point of connectivity, di�usion decreases: for any given topic, there are

less cities directly involved in knowledge production in the same �eld to adopt its ideas.

Each of the hypotheses above will be tested separately; however, the predictions from

the expanded model can be grouped into three categories: (1) With more connections,

specialization increases. (2) With more connections, knowledge production increases. (3)

With more connections, overall di�usion decreases, but increases within �eld.
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3 Historical Background

The empirical analysis relies on spatial di�erences in publications to measure local special-

ization, innovation, and di�usion of new knowledge. It is hence fundamental to understand

the functioning of the publication industry of the time, as well as the broader intellectual

landscape that de�ned German cities in the 19th century.

A distinguishing feature of German knowledge production { historically and today { is

the distribution over space of major centers of learning and publishing. As a comparison, in

the early 19th century, France and England had their academics, intellectuals and publishing

houses highly concentrated in one and three cities, respectively. The German case looked

vastly di�erent: renowned universities were scattered across its territory (see Figure A4 in

the Appendix), all main towns had their publishing houses, both major and minor cities

a circle of intellectuals (Pfei�er, 1928). This was a natural consequence of the historical

fragmentation into a multitude of counties, duchies, free cities, principalities, bishoprics, etc:

there was no push toward intellectual centralization. Even after the collapse of the Holy

Roman Empire, with the German Confederation (Figure 1a) and the eventual uni�cation

under the German Empire, the federalist structure sustained a decentralized and di�used

system of creating ideas.

(a) German States in 1820, with historical cities
borders.

(b) Books were published substantially even in
medium-sized and small towns.

Figure 1: Political fragmentation and presence of publishing activities.

The publishing industry had adapted to decentralization. Throughout the 18th century,
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a sophisticated system had been put in place to support local publishing. Commercial

enterprises replaced universities and monasteries as the main loci of publishing (Kapp et al.,

1886). Retailers emerged to take over distribution from publishers, splitting the risk of sales

and increasing the territorial reach of publishing houses (Fischer, 1903; Widmann, 1952,

p. 118). Small traders took over the transportation of books. Commissioners started to

represent multiple companies at the annual book fairs, and to operate between fairs as well

(Pfei�er, 1928, p. 129). This led to an increase in the 
ow of tra�c between publishers and

retailers (Widmann, 1952, p. 118). The retail system enabled authors and publishers to sell

widely. Writers, on the other hand, facing issues of supervision with their publishers, had

strong incentives to publish as close as possible to their residence (Pfei�er, 1928). While

Berlin and Leipzig were major publishing centers, publishing occurred substantially even in

medium-sized and smaller towns, as portrayed in Figure 1b.

The technological advances of the early 19th century allowed even smaller towns to print

locally. As steam-operated machines replaced hand-operated ones, printing became ten times

faster { and cheaper. The inventor of the �rst machine-operated press was a German ty-

pographer and printer, Friedrich K•onig (1774 - 1833). HisZylinderdruckmaschine, perfected

between 1812-1818, exploited steam power to replace human labor, and the rotatory motion

of cylinders to increase e�ciency: they were soon sold in all major cities (Wilkes, 2004).

By the 1830s, multiple producers of printing machines were selling their steam-operated

apparatuses to printing houses across Germany (Wilkes, 2004).

Another important necessary condition for the creation of knowledge is the education

system. In the late 18th century, Prussia became one of the �rst states in Europe to have

free and compulsory primary schooling. Literacy rates rose substantially as a consequence.

Educational reforms were made a priority after the defeat in the Napoleonic wars.

Intellectual historians and sociologists have long identi�ed Germany in the late 19th century

as the origin of the crystallization of disciplines with which we are so familiar today (R�adl,

1909; Ben-David, 1971). This required the previous development of the modern research

university (Dittmar and Meisenzahl, 2022). In the early 19th century, Wilhelm von Hum-

boldt transformed education with his idea ofBildung { academic education should form

individuals as well-rounded, independent thinkers, rather than providing vocational skills.

After he founded the University of Berlin, combining teaching and research, new universities

and institutes of higher education were created across the territories of the confederation

(R•uegg, 2004). The research university was founded on the idea ofWissenschaft(scholar-

ship, research, science), the active search for new knowledge. Universities began to mold

into their contemporary form, with the creation of seminars, the incorporation of research

as part of the training, and the conferral of standardized doctorate degrees (Watson, 2010).
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While a necessary component, the presence of the research universitiesalone cannot explain

the strict separation of �elds and sub�elds (Habinek, 2010), and the subsequent city-speci�c

specialization.

The reader should also note the relevance of the intellectual contribution of this time pe-

riod. Before the Nazi regime eliminated 60,000 of its scholars, and emigration further weak-

ened its universities, German scientists discovered non-Euclidean geometries and real anal-

ysis, the tuberculosis and cholera bacteria, started biogeography, produced aspirin, founded

modern genetics, and developed electrical engineering. The list goes on, while the arts,

humanities and social sciences reached similar achievements (Watson, 2010).

The main e�orts to build the railroad hence took place when the primary and secondary

system of education were established, universities had been built across the country, and

most towns had local, fast printing.

It is worth underlying that before the railroad, internal migration barely existed: until

the 1820, 2% of the population ever moved, 80% of which would move within 50 km of their

origin (Tolloi, 2010). The introduction of the railways changed these patterns dramatically

(McIntosh, 1997). The very �rst railroad line to be opened dates back to 1835, connect-

ing N•urnberg to F•urth. However, construction initially proceeded slowly. As a reference,

in the �rst decade 680 kilometers of lines were opened, while 13,700 kilometers were con-

structed between 1865-1875 alone (Heinze and Kill, 1988). Opening a railway was far from

straightforward, and often interrupted by �nancial issues and di�culty in capital accumula-

tion, uncertainty in route determination and, in the �rst stage especially, in obtaining public

concessions.

The rationale for construction varied. The railroad could serve local economic interests,

such as connecting mines to cities and ports, or it would connect major cities across states. In

other cases, it was located so to in
uence international trade routes, or for military-strategic

purposes, such as the movement of the army (Heinze and Kill, 1988; Fremdling, 1975). In the

later stages, after uni�cation, the further expansion of the network was intended to improve

accessibility in all regions, and connect the rural periphery (Fremdling, 1975). The gradual

expansion of the railroad is captured in Figure 2. By the beginning of the 20th century, a

total of 63,794 km of railways had been constructed.

4 Data

The key outcome of interest are ideas, and for measurability, written (printed) ideas. I

rely on a novel dataset of bibliographies and library catalogs for measures of intellectual

production. I build another original dataset describing the railroad network for a shock in
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Figure 2: The expansion of the railroad between 1835-1914. Darker circles indicate cities being connected
to the network earlier; light blue circles are cities connected later (1880-1914).

cities' spatial connections. I outline these two sources of data next, together with additional

data I collected.

Bibliographic Records: Gemeinsamer Verb•unde Index. A key source of data

comes from the German Collective Library Consortium (the union of all German, Austrian,

and German-speaking Swiss libraries and institutes), which operates a comprehensive, uni�ed

catalog renowned for its completeness (Conradt and Lohrum, 2017). The catalog contains

the bibliographic records of all public libraries, private institutes and research institutions,

and university collections. It is composed of bibliographic entries for books, journals, peri-

odicals, newspapers,10 maps, music, sound recordings, pamphlets, �lms, letters, and other

forms of media.11 For the period of interest (1750-1914), there are about 22 million entries.

Each record includes details such as the author's name, the language, the title of the work,

publication data, editor and publishing house, subject classi�cations, description through

keywords, and the physical description as well as location within the participating libraries.

The exact information extracted from each entry (MARC tags) is described in the Appendix.

In the Appendix, I also report a series of validation tests to ensure that the descriptive

10While the book format was still the main form of publication, especially in the early period, specialized
journals become more prominent toward the end of the period. The catalog also includes the German library
of digitized journals and newspapers, citing volumes and the prominent articles and papers within those.

11Among these, I have excluded anything that is not strictly text (for instance: pictures, music, and maps)
and private letters. Most of the analyses focuses on publications written in German or Latin (then translated
into German), as the focus is on domestic production. Most analysis also exclude novels, as they do not
have a precise subject classi�cation, and the titles are often non-informative.
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patterns within the data are consistent with intellectual historians' expectations. Figure 3

below con�rms the expected transition in knowledge production in the main publishing cities

of the time. With time, the mass of publications shifts critically from religion, the arts and

humanities toward the natural and social sciences.

Figure 3: Relative changes in topic distribution between 1750 (left) and 1900 (right) for the main publishing
cities. By the end of the time period, a larger share of publications is in science and and technology (light
purple) and social sciences (pink), compared to the previous dominance of the humanities (blue).

City names. Within the catalog, the same city can be reported with several di�erent

names. To match each name to its unique city, I collect all versions of cities' names found

in the German Biographies (described below), which are geolocated, and I merge them with

each city's historical territory from Bogucka, Cantoni and Weigand (2019). I refer to Graesse

(1861) Orbis Latinus for the Latin names and synonyms of cities.

Vollst•andiges B•ucher Lexicon (Index Locupletissimus Librorum) by Christian Got-

tlob Kayser (and successors). To understand whether library catalogs are re
ective of the

contemporaries' perception of relevant publications, I collected and digitized the �rst com-

plete series of biographies, as compiled by a team of contemporaries starting in 1750. This

series is recognized as the �rst serious attempt to record all yearly publications in a country

(Domay, 1987). A sample page is in Figure can be found in the Appendix.

Histories of printers, editors and book traders. Given the importance of the pub-

lishing industry for the analysis, and how it could a�ect the results, I furthermore collected

and digitized a novel data source (Deutsche Buchdrucker, Deutsche Buchh•andler), the origi-

nal collection compiled in 1903 with the sponsoring of the German Association of Booksellers
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(B•orsenverein der Deutschen Buchh•andler). Across 6 volumes of 1200 pages, detailed histo-

ries are provided of all the major active printers, editors, and retailers in German cities of the

previous centuries. A sample page can be found in the Appendix. From such descriptions,

I recorded: the name, location of the �rm, year of opening and transferal of ownership, the

technology used, and the specialization (if any).

Railroad Openings. The existing literature considering the e�ect of the German rail-

road (Hornung, 2015) uses information reconstructed from maps covering only a few years,

which is not su�cient to use the current methods in causal inference for infrastructure con-

struction. As described below, it is necessary to rely on appropriate counterfactuals. I

therefore collected and digitized the original source behind the maps, theHandbuch der

deutschen Eisenbahnen. This describes, for every year, the opening of new lines, including

every single stop, the railroad company, the law through which it was approved, and the

exact date in which it was opened. I gathered this information for roughly 10,000 stops (or

lines expansions), i.e., the connections opened in the �rst 100 years of history of the railroad.

For every stop, I adjusted the name of the station to match the city names mentioned above.

Railroad Statistics. Additionally, I merged this data with the yearly railroad statistics

(Deutsche Eisenbahn-Statistik), collected by the directorate of the Association of German

Railway Administrations (Verein Deutscher Eisenbahn-Verwaltungen) since 1850, and based

on precise surveys of each existing railroad companies. The information entailed in the

18,000 pages I collected includes trade volumes, passengers by class, military, mail volumes,

telegraphs (length of lines, number of apparatuses by types), and crucially, a description of

construction and construction delays, and the reasons for the delays. A sample page of such

descriptions is in the Appendix.

Handbook of the Natural Sciences At a time when patents either did not exist, or

were not widely used or reliable, a more adequate source for innovation used in the literature

are detailed collections of technical and scienti�c discoveries recognized by the scienti�c

community. I hence digitized theHandbuch der Naturwissenschaften, speci�cally German

inventions starting in 1800, reporting the place of the invention, and if not recorded, the

main place of operation of the inventor, the year, the inventor, and the description of the

innovation, based on which the �eld of the invention or discovery was assigned.12

City-level data. A widely used source in the literature is the German City Book

(Deutsches St•adtebuch), containing information of 2,390 towns, which de�ne my sample.

From this source, I digitized panel data for each town's population, as well as the number

of printing houses and newspapers, and the years they were founded.

I integrated this information with the founding of each university and institute of higher

12I hired an engineering and a physics student for the assignment into scienti�c �elds.
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education, with the specialization of the university, or departments founded, as reported in

R•uegg (2004).

Biographies. I furthermore scraped roughly 230,000 biographies of notable individuals

born between 1700 and 1900 from theDeutsche Biographien.13 The latter consists of an

harmonization of all the major collections of biographies in the German language. Based on

the scraped information, I created a database with the name, description of the profession,

life dates, religion, description of family background, connections to other individuals, and

relevant cities for each individual. When useful, I complemented this information with the

Wikipedia page of the retrievable authors in the bibliographies.

Protest data and other controls. Data on protest and insurrections was collected by

Tilly (1980), and controls for Prussia such as literacy, industrialization, agricultural output

are from the Prussian Economic History Database (Becker et al., 2014).

5 Methods: Natural Language Processing, Topological

Data Analysis, and Identi�cation Strategy

5.1 Measuring Ideas

A key challenge for the purposes of the project lies in operationalizing and measuring \ideas"

as accurately as possible. To do so, I measure ideas in three di�erent ways. First, to measure

the extent of specialization, I rely on labels assigned to each title by thousands of trained

experts, i.e., the subject classi�cations provided in the bibliographic record. As a baseline,

I use the topics following theBasisklassi�kation system, which is the standard one used in

the catalog of the Library Consortium. The labels follow a hierarchical system, in which

closer numbers indicate topics closer in substance. For instance, within medicine (discipline

44), 44.44 refers to parasitology, and 44.45 to immunology; or within law (86), 86.44 cov-

ers constitutional law, 86.47 administrative law. As a robustness check, I use a di�erent

classi�cation system, the second most used one (Regensburger Verbundklassi�kation).

A second measure takes advantage of linguistic properties of the German language: the

frequent use of concatenated compounds. This means that, compared with English, a new

concept can be represented by a new word, and new words are much more frequent. For

reference, the vocabulary of the bibliographic records is composed by 600,000 unique words,

while text data from the same time period in England (Eggers and Spirling, 2014) has

about 100,000 unique words. For a concrete example, consider the invention of the new

13As a reference, similar studies covering multiple centuries have information on about 40,000 notable
individuals (Tabellini and Magistretti, 2022; Chaney, 2022).
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printing press described above. Once `cylinder', `printing', and `press' are known, no new

word is created in English. In German it was, asZ̀ylinderdruckmaschine'. When using

this approach, I identify and remove common words by looking at words' frequency and

exploiting the �rst 50 years of publications I collected (1750-1800). New words capturing

new ideas are then almost exclusively nouns, which are less prone to change in their meaning

over time compared to other lexical categories (Hamilton, Leskovec and Jurafsky, 2016).

As a robustness check, I cluster the static word embeddings of new words usingk� means

clustering, where the 300-dimensional embeddings are trained using word2vec, on the entire

corpus of German titles, plus 800,000 titles in Latin translated into German.

5.2 Measuring Knowledge Gaps

One of the analyses below aims at measuring the lifetime of conceptual gaps, where the

closure of such gaps can be considered a new idea { i.e., a previously unexplored connection

between words is made. To do so, I exploit recent methods in topological data analysis,

speci�cally the use of persistent homology to measure the creation and �lling of gaps in

a conceptual network, based on previous work in topology and computational linguistics

(Carlsson, 2009; Christianson, Sizemore Blevins and Bassett, 2020). The process is as follows.

First, I build a concept network (or \�ltration"): based on the text data, I measure the �rst

time a word is introduced (that is, a new node is created in the concept network) and the �rst

time it co-occurs with any other node (a new edge appears in the network). With the times

of introduction and co-occurrence, the relative distance between any two points is measured

{ thus creating a sparse matrix with about 65,000,000 distances. The goal is to understand

how long it takes between the formation of a new gap (a disconnected component is added

to the network, or a network gap appears through new nodes) and the time it is �lled (the

previously disconnected component is linked to an existing component). I refer to this as

the lifetime of a knowledge gap. An intuitive representation is in Figure 4. As a concrete

example, it took 54 years for `tuberculosis' and `bacterium' to co-occur in a text. Further

examples of creating new ideas through re-combining existing ideas are in Appendix B.4.

To measure this lifetime, distance in time is translated as distance in a simplicial complex.

The purpose of persistent homology is to identify gaps between a point cloud, in a way is

robust to perturbations of input data, and is independent of dimensions and coordinates

(Otter et al., 2017). The lifetime of gaps between the points, or the words in the concept

network, is measured by �lling convex hulls of increasing size between the points.14 The time

of death of a knowledge gap is then given by the size of the convex hull required for the gap

14In technical terms, representing the concept network as a sequence of Vietoris-Rips simplicial complexes;
in simple words, creating circles or spheres of increasing sizes around the points.
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