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Scholars have long noted the significant impact of general purpose
technologies (GPTs) on the economy. However, limited attention has been
paid to exploring how they are employed to generate inventions in downstream
sectors (crossover inventions), and what factors may facilitate such diffusion.
In a study of the introduction of electrical technology in the late-nineteenth-
century United States, we find that knowledge spillovers between industries
had little influence on the geography of crossover inventions as well as the
speed and productivity of crossover inventors, Instead, human capital and an
environment promoting inventions in general were more important.

Techn{:lugical progress has long been recognized as a crucial source
of economic growth. Although most technological advances are
incremental, a few general purpose technologies (GPTs), such as steam
engines and information technology (IT), have leapfrogged existing
technologies and modes of manufacturing and had a large impact on the
entire economy. These important technologies were often characterized
by three distinct features. They advanced rapidly, were adopted by a
wide range of sectors and households, and spurred inventions and
innovations in the downstream sectors.'

The Journal of Economic History, Vol. 70, No. 3 (September 2010). © The Economic
History Association. All rights reserved. ISSN 0022-0507.

Shih-tse Lo is Visiting Assistant Professor, Department of Economics, Concordia University,
1455 de Maisonncuve Blvd. West, H 1155, Montreal, Quebee, Canada H3G 1M8. E-mail:
shihtlo@alcor.concordia.ca. Dhanoos Sutthiphisal is Assistant Professor, Department of
Economics, McGill University, 855 Sherbrooke Street West, Montreal, Quebec H3A 2T7 Canada;
and NBER. E-mail: dhanoos.sutthiphisal@megill.ca.

We are very grateful to the late Kenneth Sokoloff for his constant encouragement. We have
also benefited from comments offered by Daniel Ackerberg, Francisco Alvarez-Cuadrado, Leah
Brooks, Jennifer Hunt, Naomi Lamoreaux, Mary MacKinnon, Jean-Laurent Rosenthal, the editor,
two anonymous referces, and participants at the BHC, CEA Meetings, CNEH Conference, NBER
Summer Institute, MeGill, and UCLA. We would like to thank Carolina Corral and Jinyuan He
for their excellent research assistance. Finally, Dhanoos Sutthiphisal acknowledges financial
su]i:purt from Fonds québécois de la recherche sur la société et la culture (FQRSC).

See Bresnahan and Trajtenberg, “General Purpose Technologies™; and Lipsey, Carlaw, and
Bekar, Econamic Transformations.
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Given the revolutionary role of GPTs, a number of studies have focused
on identifying and assessing their effects.” However, limited attention is
paid to how the knowledge behind a GPT is diffused across a wide range
of industries. We also lack a good understanding of the dynamics between
the core sector that incubates a GPT and the application sector that
adopts the new technology. For example, is there a division of labor
between these two sectors, allowing them to develop independently and to
be geographically divorced?

Electrical technology exhibits many characteristics of a GPT. It
has revolutionized the mode of manufacturing in numerous industries
as well as transformed our daily life.> We therefore explore the
introduction of electrical technology in the United States during the
late nineteenth century and identify factors that were crucial for
the electrical technology to be integrated into “crossover” inventions
and improvements to machinery or equipment used by downstream
sectors and households.® The first factor we examine is “interindustry”
knowledge spillovers that flow through face-to-face interactions
between members in different industries. Physical proximity to
individuals in the “core” industry where the GPT is invented allows
those in downstream industries to acquire the new technical knowledge
and apply it to their own fields. Likewise, those in the core industry
may learn about potential applications of the new technology in other
fields.” A second factor is learning-by-using. Personal experience with
electricity (or equipments embedded with the electrical technology)
may foster crossover inventive activity. Hence, individuals who reside
in areas where the GPT is introduced relatively early and therefore
have access to the GPT initially would have an advantage in creating
crossgwer inventions over others residing where it is introduced much
later.

For example, see Atack, Bateman, and Margo, “Steam Power™; Crafts, “Steam™; Kim, “Industrialization”;
Rosenberg and Trajtenberg, “General-Purpose Technology™; and Goldin and Katz, “Origins.”

* See David, “Dynamo.” Moser and Nicholas, “Electricity,” argue that the electrical technology was not a
GPT. Nevertheless, Bresnahan and Trajtenberg, “General Purpose Technologies,” and Jovanovie and
Rousseau, “General Purpose Technologies,” consider the technology as a seminal example of a GPT.
Furthermore, Lipsey, Carlaw, and Bekar, Economic Transformations, pp. 108-09, provide a rebuttal to Moser
and Nicholas’ elaim. Qur position on this issue is that the electrical technology can be exploited as a fair case
study for GPT diffusion because it resembles GPTs in many, if not all, aspects.

4 See Passer, Electrical Marufacturers; Brittain, “International Diffusion™; Devine, “Shafis™; and Hughes,
Networks, for the development of electrical industries.

* Our attention to interindustry spillovers departs from most prior empirical work on knowledge diffusion,
which is largely focused on spillovers within a single industry. Knowledge spillovers between industries may
be more relevant in the spread of a GPT to other industries. Sce Saxenian, Regional Advaniage, and Adams
and Jaffe, “Bounding the Effects,” for knowledge spillovers within an industry.

® See Rosenberg, Inside the Black Box, for learning-by-using. For other forms of learning, see Malerba,
“Learning.”

https://doi.org/10.1017/50022050710000604 Published online by Cambridge University Press


https://doi.org/10.1017/S0022050710000604

746 Lo and Sutthiphisal

It is also important to address the roles played by other broad
factors that encourage all types of inventive activity (mot just
those factors particularly applicable to the electrical technology):
education and a favorable economic environment for invention in
general. Education directly and indirectly influences the transfer of
new GPT knowledge and the generation of crossover inventions.
Schools may offer curriculum in the field of a GPT (in this case,
electrical engineering) as well as courses in fields complementary to
the new technology, such as chemistry, physics, and other types of
engineering. Individuals trained or educated in these complementary
fields may have an advantage in understanding and using the newly
developed technology. On the other hand, market institutions and
economic conditions that help inventors extract returns from their
inventive efforts, like a well-designed patent system and intermediaries
that facilitate technology trade, may be required in the generation of
crossover inventions.”

To examine these issues, we consitruct a unique data set from
U.S. patent records, census manuscripts, city directories, newspaper
obituaries, as well as family and local histories. The data set contains
detailed biographical information about crossover inventors and the
inventions they made over their career. Such micro-level information
provides us a sense of where the crossover inventions were clustered
as well as how an inventor acquired the knowledge of the electrical
technology and applied it to create crossover inventions.

The impact of interindustry spillovers, although positive, appears
to have been small. Regions where interindustry spillovers were
expected to be prevalent did not observe a correspondingly high level
of crossover inventive activity, Nor did such spillovers considerably
shorten the time for an inventor to create his first crossover invention
or raise the number of inventions he created. The evidence also reveals
that learning-by-using was of little importance. In contrast, conditions
conducive to inventive activity in general and human capital formation
played a critical role. Not only did they enhance the population’s
ability in creating crossover inventions, but they raised the speed and
productivity of inventors at making such inventions substantially.

Empirical Strategies

We can trace the spillover inventions from electrical technology
relatively easily because their descriptions are likely to include the

7 See Khan, Democratization; and Lamoreaux and Sokoloff, “Inventors.™
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words “electric” and *“electro.” Furthermore, by exploring the electrical
technology in the United States during the late nineteenth century,
we benefit from the rich biographical information in U.S. historical
records. More importantly, the electrical technology posits a unique
advantage in assessing the effects of the factors of interests, especially
interindustry spillovers. During the early development of the electrical
industry, the location of core electrical inventive activity was very
different from that of inventive activity in other industries and from
that of core electrical manufacturing.® This allows us to gauge the
relative influence of the factors, by comparing geographic distribution
of crossover inventions with that of these factors.

Our geographical analysis relies on the following premises. If
interindustry spillovers play a crucial role in the generation of crossover
inventions, we would expect the geographic pattern of crossover
inventions to mirror that of core inventions. In areas where core
inventors and inventions are clustered, inventors in other fields would
have more opportunities to interact face-to-face with individuals in the
core field.” Similar concepts can apply to other factors. For example,
areas where conditions conducive to inventive activity in general are
more prevalent should exhibit more inventions overall, as inventors
exploit such a favorable environment. If these conditions are central to
crossover inventive activity, we would expect crossover inventions to
appear more frequently in places where inventive activity of all types
is intense.

We also explore the effects of these factors at an individual level
by evaluating the impact of education, training, and residence in arcas
with more core GPT activity on the time to invention and the number
of inventions. The individual approach helps us better distinguish
the inventive process by allowing us to treat differently situations
where one hundred inventors are each granted one patent over their
lifetime from ones in which a single inventor patents one hundred times.
Moreover, it allows us to draw inferences about the factors that affect
an inventor’s ability to create crossover inventions while controlling
for other changes during his lifetime, such as migration. Such an
individual investigation, nonetheless, suffers from sample selection,
as it excludes those who did not create any crossover inventions.

¥ See Sutthiphisal, “Leamning-by-Producing,” for basic electrical inventive activity and
Lamoreaux and Sokoloff, “Inventors,” for overall inventive activity,

 The use of patent citations to measure spillovers may understate the impact of inter-industry
spillovers. Jaffe and Trajtenberg, “International Knowledge Flows,” find that inventors are less
inclined to cite prior arts that are not in the same field.
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Consequently, unlike its geographic analysis counterpart, the individual
analysis does not completely reveal how the factors can affect the entire
population’s ability in developing crossover inventions.

DATA

To gauge inventive activity in electricity, we construct cross-sections
of utility patents employing electrical technology that were granted
in 1890 and 1910 by the United States Patent and Trademark Office
(USPTO) from the LexisNexis database.'’ To identify whether a patent
employed electricity, we use “electr” as the search key word on the
patent grant documents. Such a key word captures the terms electric,
electro, and electrode that characterize inventions embedded with
electrical technology. A total of 3,414 patents are identified as using
electricity or integrating the electrical technology.!! We then read
through the patent grant documents of all these patents, and classify
457 patents as crossover inventions in 1890 and 856 in 1910." See
the notes to Table 1 for more details. Of these 1,313 crossover patents,
1,120 were granted to U.S. residents.

For the U.S.-based crossover inventions, we obtain the name and
address of patentees and their assignees (at issue) from the patent
records, We then use the inventor name search inquiry in LexisNexis
to collect information for all patents each patentee received over his
career (over 19,000 patents in total)."” This information is combined
with biographical information of each inventor from manuscripts of
the U.S. Decennial Population Census in 1850-1880 and 1900-1930;
city directories; newspaper obituaries; and family and local histories.
The information is used to identify his educational and occupational
background when receiving his first crossover patent.'* The new
evidence is supplemented with data on core electrical inventions and

1 These years allow for comparisons with other samples drawn for the same periods.

" The total number of patents from our LexisNexis search seems consistent with figures from
Lamoreaux and Sokoloff, “Inventors™; and Sutthiphisal, “Learning-by-Using.”

1* Some inventions, like electric transportation and welding, can be classified into either the
crossover or the core category. They account for less than one-fourth of all possible crossover
inventions in our sample, and the qualitative patterns of our results do not change when we
reclassify these inventions.

'3 The name search is reasonably accurate as it yields a list of crossover patents filed in 1890
and 1910 similar to the list from the “electr” key word search,

'* Some inventors have missing information on their lifetime patenting or biographical
characteristics because of their common names or errors in the gencalogy databases, However, we
do not believe that they were systematically different from those with known information. In fact,
our efforts to construct these data sels yield higher success and accuracy rates than prior work,
because we can cross-check the lifetime patenting information against biographical information.
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TaBLE 1
NEGATIVE BINOMIAL REGRESSIONS OF NUMBER OF CROSSOVER
PATENTS IN THE STATES IN 1890 AND 1910

Regression Estimates Summary Statistics
Standard
Number of Crossover Patents (1) (2) (3) Mean Deviation
Constant 0.027 0.486 0.886
(0.02) (0.31) (0.35)
In (number of core patents) 0.137 0.085 0.084 12.3 311
(253 (1.64)  (1.53)
In (number of overall patents) 0.992 0.597 0.66 20.6 33.2
(8.49)** (4.17)** (4.33)%*
In (number of population) —0.091 -0.531 -0.651 1,577.495.0 1,605,614.0
(0.77)  (297)** (1.90)
In (population density) 0.066 0.092 0.01 140.1 611.5
(132)  (192)  (0.10)
1910 dummy 0.019 —1.163 —1.582
(0.16) (341 (3.67)%
In (number of elegraph
operators) 0.018  -0345 1,246.6 1,585.3

(0.10) {1.32)
In (electric utilization in
manufacturing) 0,196 0.166 4.126.8 10,759.7
(1.80) (1.34)
In (number of individuals in

scientific occupation) 0.674 1.155 9.148.3 14,699.8
(2.92)** (3.42)**
Pacific dummy —0.4
(1.19)
West North Central dummy 0,401
(0.83)
East North Central dummy 0.239
(0.48)
New England dummy 0.066
(0.12)
Middle Atlantic dummy 0.164
(0.31)
South Atlantic dummy 0.298
(0.49)
East South Central dummy -0.087
(0.13)
West South Central dommy 0.011
(0.02)
Observations 98 98 98

** = Significant at 1 percent.

* = Significant at 5 percent.

Notes: Absolute value of z-statistics in parentheses. The intercepts for columns 1 and 2 are
1890. The intercept for column 3 are 1890 and the Mountain region. The summary statistics
reported are in the original unit of measurement, not in the natural logarithm scale. The
mean number of crossover patents is 11.4 and the standard deviation is 24.1. Based on their
patent grant documents, the patents are classified into three different fields. (a) Core clectrical
inventions include technological advances in clectric generation, distribution, transmission,
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TABLE | — continued

wiring and machinery paris for general use. Inventions of this sort are, for example,
electric switches, cutouts, electric cables and wires, as well as general purpose dynamos,
motors and batteries. This category also includes inventions in telephone, telegraph, artificial
illumination, electric transportation (railways and street cars), and electric welding because they
were developed hand-in-hand with other primary core electrical technologies. (b) The crossover
invention category refers to patents that utilize clectricity as a power source or somechow
employ electrical technology, but not in the fields that are specified in (a), for example, an
clectric stop motion for warping machines and an electric razor. (¢) The “other” category refers
to patents that neither utilize electricity nor employ electrical technology. Electric utilization
in manufacturing is calculated from the number of horsepower used in manufacturing
gstablishments for 1890; and from the number of electric motors used in manufacturing
establishments for 1910, (The number of electric motors is the preferred measure but
unavailable in the 1890 census.) The total number of individuals in scientific occupation is
calculated from the number of architects, chemists, dentists, engineers, physicians and
professors for 1890; and from electricians and clectrical engineers, mechanical engineers,
stationary engineers, civil engineers, mining engineers, architects, chemists, assayers and
metallurgists, college presidents and professors, dentists and physicians for 1910.

Sources: LexisNexis, “U.S. Patents™ USPTO, “Full-Page Images™; U.S. Bureau of the
Census, Census of Manufactures (1890 and 1910) and Census of Population (1890 and 1910},
Sutthiphisal, “Learning-by-Producing”; and Lamorcaux and Sokoloff, “Inventors.”

overall inventive activity from data sets compiled by Kenneth L.
Sokoloff, Naomi R. Lamoureaux, and Dhanoos Sutthiphisal for other
papers.”

GEOGRAPHIC ANALYSIS

If geographic access to core inventive activity was a key component
of crossover inventive activity, we would expect to see a very tight
geographical correlation between the regional shares of the two types
of invention. However, panel A of Figure 1 shows an imperfect match
between the regional shares of crossover and core inventions. For both
sample years, 1890 and 1910, the best fit lines are not aligned along
the 45 degree line. More importantly, they appear to have a slope less
than one, suggesting that an increase in the share of core inventions
did not bring about a comparable increase in the share of crossover
inventions. In contrast, panel B of Figure 1 reveals that the regional
pattern for crossover inventions better matches the regional pattern of
all inventions. All the data points are much better aligned along the 45
degree line.

We apply regression analysis to further examine these geographic
patterns. As many areas, such as Kentucky, generated zero to few
crossover inventions and only a handful, for example, New York and

'* The core clectrical invention data are from Sutthiphisal, “Learning-by-Using,” while data
on overall inventive activity come from Lamorcaux and Sokoeloff, “Inventors.”
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Panel A
1890 1910

Shares of Crossover Patenls

Shares of Core Patents

1890 1910

Shares of Crossover Patents

Shares of Overall Patents

FIGURE 1
REGIONAL SHARES OF CROSSOVER, CORE ELECTRICAL, AND OVERALL PATENTS,
1890 AND 1910

Notes: The regional groupings arc according to the U.S. Bureau of the Census
(see http://www.census.gov/geo/www/us_regdiv.pdf). The dashed lines are 45 degree lines and the

dotted lines are the fitted lines.
Sowrces: LexisNexis, “U.S. Patents”; USPTO, “Full-Page Images”; 1.8, Bureau of the Census,
Census of Mamfactures (1890 and 1910); Suithiphisal, “Learning-by-Producing”; and Lamoreaux

and Sokoloff, “Inventors.”
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Ohio, accounted for a very large share of crossover inventions in the
country, we employ a negative binomial specification:'®

crossyy = o+ f, - ]n(core;., )+ B, ln(overa!!,, )+ " ln(pop" )+ Y [n(d,., )

where cross, is state i's number of crossover patents in year #; pop,

denotes the state’s population, to control for the possibility that
states with larger population may generate more inventions; ¢, is the

population density to control for amenities that are often lacking or
of poorer quality in underpopulated areas, such as public libraries.
To measure the importance of interindustry spillovers from core
inventions, we include core, , the number of core electrical patents. To

measure the impact of conditions that helped promote general inventive
activity, we include overall, , the number of all patents.'’

The positive and statistically significant coefficient of core inventions
(0.137) in Table 1 column 1 implies that if a state were to increase
its number of core electrical inventions by 1 percent, its rate of crossover
inventions would rise by 0.01 x [exp(0.137) — 1] or roughly 0.15 percent.
This relationship is much weaker than the one with all inventive activity.
The coefficient for overall patents is 0.992, which implies that a 1 percent
increase in the number of all inventions would increase the state’s rate of
having crossover invention by 1.7 percent.

We can go beyond a reliance on regional comparisons by adding
two explanatory variables in column 2 of Table 1 to capture the impact
of learning-by-using: the logarithm of state i’s electric utilization in
manufacturing establishments and the logarithm of the state’s number
of telegraph operators. To assess what role scientific human capital
played, we also include the natural log of the state’s total number of
individuals who held occupation in scientific fields. The addition of the
new variables reduces the size of the coefficients of the core patent and
all patent variables, but the coefficient for all inventions (0.597) is still
much larger than for core inventions (0.085).

There is strong evidence that supports the importance of scientific
human capital. The coefficient with respect to individuals who held a
scientific occupation (0.674) suggests that a 1 percent increase in the
number of such residents would lead to a 0.96 percent increase in
the rate of having crossover invention.'® In contrast, learning-by-using

1 Gae Hausman, Hall, and Griliches, “Econometric Models.”
17 In a model where we can apply our analysis at the county level (column 1 of Table 1),

county- and state-level regressions yield similar resulis.
' The role of human capital may be overstated as the shares of scientific occupations include
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appeared to have played a limited role. The coefficient on electric
utilization in manufacturing was 0.196, which implies a 1 percent increase
would have increased crossover inventive activity by 0.21 percent.

To control for unmeasured differences across regions that were the
same for states within the same region, we add regional dummies in
our regression. The regression results are reported in column 3. On the
whole, the patterns are comparable to those found in column 2.

INDIVIDUAL ANALYSIS

We now turn our attention to individuals who created crossover
inventions and examine how their inventive career evolved over
time. If interindustry spillovers were important, a significant number of
inventors would have started their inventive career in the core electrical
field and later applied their knowledge to crossover inventive activity.
We would expect them to account for a great number of crossover
inventions, Inventors would also tend to switch their inventive activity
back and forth in different fields as they learned about opportunities in
industries in which they had no work experience.

However, Table 2 reveals that interindustry spillovers did not
play a pivotal role in the inventive activity of individuals who made
crossover inventions. Only 9 percent of crossover inventors in 1890
and 11 percent in 1910 had started their inventive career as core
electrical inventors. These inventors, though slightly more productive
at creating crossover inventions than others, contributed only a small
portion of crossover patents, 12 percent in 1890 and 11 percent in 1910,
In contrast, the majority of crossover patents were made by individuals
who began their career directly with a crossover 2%at»f:nt or a patent that
did not have any electrical technology embedded.

The inventors described by Table 3 seldom switched back and forth
between core and crossover inventions. In 1890 a median crossover
inventor whose first patent was in the core electrical field generated a
total of 23 patents over his lifetime but less than 4 were crossover patents.

clectricians and electrical engineers. However, the bias should be small given that in 1910
¢lectrical engineers and electricians together accounted for less than one-fifth of scientific
occupations.

' As a robustness check, we have also estimated OLS standardized-coefficient regressions.
We find that the coefficient on patents in all industries is still positive and much larger than the
coefficient for core inventions, However, the cocfficients for core inventions and human capital
are roughly the same.

2 The relative importance of these three types of inventors still holds even if we focus on
“yaluable™ crossover patents that were assigned at issue.
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TABLE2
CROSSOVER INVENTORS AND INVENTIONS (IN THE SAMPLED YEARS) BY TYPES
OF INVENTORS
Inventors Patents Awarded to
Types of Inventors Number Share Number Share
Panel A: Crossover Patents Granted in 1890
All crossover inventors 324 100 410 100
First patent was core 30 9 49 12
First patent was other 127 39 157 38
First patent was crossover 153 47 188 46
First patent was unknown 14 4 16 4
Panel B: Crossover Patents Granted in 1910
All crossover inventors 610 100 710 100
First patent was core 69 11 81 11
First patent was other 234 38 271 38
First patent was crossover 294 48 345 49
First patent was unknown 13 2 13 2

Notes: The first patent is classified as unknown for those inventors whose lifetime patenting
information is missing. See notes to Table 1 for mvention classification.
Sources: LexisNexis, “11.S, Patents™; USPTO, “Full-Page Images”; and Sutthiphisal, “Learning-

by-Producing.”

TABLE 3
LIFETIME PATENTING BEHAVIORS OF CROSSOVER INVENTORS

Share of Career Average

Career Patents Patents Years

{median) (average) Between

First Ever

and First

Crossover

Types of Inventors Total Crossover Core  Crossover Core Patent

Panel A: Crossover Patents Granted in 1890

All crossover inventors 6 2 0 50 11 4
First patent was core 23 a5 9 28 56 5
First patent was other 10 2 0 29 7 9
First patent was crossover 2 1 0 72 6

Panel B: Crossover Patents Granted in 1910

All crossover inventors 7 2 0 35 9 5
First patent was core 26 5 6 il 44 7
First patent was other 11 2 0 33 5 10
First patent was crossever 2 2 0 78 4

Notes: The time between first ever and first crossover patent is obtained from the difference in
the inventor's age at each event (50 as to be consistent with subsequent regressions). We cannot
retrieve information on birth year for approximately one-tenth of the inventors in the sample.
Sources: LexisNexis, “U.8. Patents”; USPTO, “Full-Page Images™; and U.S. Bureau of the
Census, Decennial Census of Population Manuscripts (1850—1880 and 1900-1930).
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Similarly, those who did not begin their career in the core electrical
industry hardly ever applied their acquired electrical knowledge to carry
out inventions in the core field. Less than 7 percent of their inventions
were in the core electrical field.”

As reported in Table 4, a relatively high proportion of crossover
inventors, 28 percent in 1890 and 50 percent in 1910, had some
college education. This proportion was similar to the proportion of core
electrical inventors with some college training in 1910 (49 percent) and
substantially higher than for shoe and textile inventors.

Crossover inventors were also distinguished by their advanced
training in schools or on the job. In 1890, 28 percent of crossover
inventors had some training in the electrical field and another 40
percent were in other technical fields, such as chemistry and physics. In
contrast, less than 40 percent of shoe inventors and about 50 percent of
textile inventors were trained in these other technical fields. Virtually
none of the shoe and textile inventors received training in the core
electrical field. The same patterns persisted in 1910.

Many crossover inventors, however, did not rely on direct training
in electrical technology. Less than 25 percent of the crossover inventors
had received training or had worked in the electrical field before
they applied for their very first patent. On the other hand, 41 percent
(in both years) had been trained or had work experience as engineers,
machinists, and professionals in other sciences. For example, Byron A.
Brooks, a typewriter pioneer, was a professor of mathematics before
receiving his first patent. A number of his inventions employed
electrical technology. The findings suggest that training in other fields
provided technical foundations and principles which were scientifically
close or complementary to the electrical field, making it easier for one
to absorb such a newly emerging technology.

To show how training and exposure to electrical activity influenced
the age at which inventors created their first crossover invention,
we estimate a Weibull hazard model on the sample of individual
inventors.”” The estimation results are displayed in Table 5. Column
1 contains all crossover inventors for whom we are able to infer training
information. Because relocation makes it difficult to determine whether
an inventor benefited from factors prevalent in his current or prior

*! We obtain similar results when we classify an inventor by the types of patents he made the
most within two years after he applied for his very first patent.

%2 For hazard models, see Kiefer, “Economic Duration Data.” Employing the semiparametric
approach proposed by Cox, “Partial Likelihood,” yields similar results.
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TABLE4
EDUCATIONAL AND TRAINING BACKGROUND OF CROSSOVER AND OTHER
INVENTORS
Prior Training Before Prior Training Before
Attended College Sample Year Applying for First Patent
Normalized Share Normalized Share
Missing Other  Missing Other  Missing
Normalized Info, Technical Tnfo. Technical Info.
Types of Inventors Share  (sharc) Electric  Skills  (share) FElectric  Skills  (share)
Panel A: Crossover Patents Granted in 1890
All crossover inventors 28 54 28 40 20 19 4] 30
First patent was core 50 47 81 § 13 55 13 i3
First patent was other 25 50 14 59 16 9 54 26

First patent was crossover 27 56 29 30 20 21 35 26

Panel B: Crossover Patents Granted in 1910

All crossover inventors 50 59 36 39 12 24 41 30
First patent was core 65 46 32 17 6 66 21 32
First patent was other 49 57 21 54 11 12 54 28

First patent was crossover 46 61 36 33 11 24 34 28
Panel C: Other Patents Granted in 1890

Shoes (Sutthiphisal) 4 75 0 39 46
Textiles (Sutthiphisal) 6 81 0 52 50
Electric (Suithiphisal) 51 75 53 14 47
Panel D: Other Patents Granted in 1910
Shoes {Sutthiphisal) 2 80 1 i3 41
Textiles (Sutthiphisal) 8 85 2 48 sl
Electric (Sutthiphisal) 49 85 70 19 36

Noies: The normalized shares are calculated from inventors with known information, The index
for prior training before the first patent is inferred from the inventor's previous education or
occupation until the year when he filed his very first patent, whereas that before sample years
is from the inventor’s previous education or occupation up to the sample year. For rules for
assigning values for the training measure, see the notes to Table 5.

Sources: LexisNexis, “U.S. Patents”; USPTO, “Full-Page Images™; 1.S. Burcau of the Census,
Decennial Census of Population Marnuseripts (1850-1880 and 1900-1930); Ancestry.com, “1.5.
City Directories” and “Family and Local Histories”; and Sutthiphisal, “I.earning-by-Producing.”

residence, we restrict the analysis in columns 2 and 3 to inventors who
remained at the same state of residence between their first patent and
their first crossover patcnt.23

" These restrictions may cause some selection bias. Towever, a regression without the
college restriction yields pattems similar to those of columns 1-2.
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TABLE 5
RESULTS FROM HAZARD MODEL REGRESSIONS OF AGE AT FIRST CROSSOVER
INVENTION
(1) (2) (3) (4) (5)
Restricted Sample
First First
Paient Patent
Age When Applied for First All All Types of First was was
Crossover Patent Observations Patent Applied Crossaver  Other
Constant ~683.484 -608.862 —609.106 -769.245 -672.214
(21.85)%+ (15.59)** (17.08)%*  (11.B8)** (1L.75)**
Early training was electrician 0.470 0.596 0.468 0.220 0.752
(3.51)%+ (3.59)%  (2.89)* (092 (1.22)
Early training was other electrical 0270 0.263 0.205 0.020 0.601
(1.79) (1.13) (0.94) (0.08) (0.96)
Early training was in related science 0.149 0.073 —{.162 0.078 —.101
(1.38) (0.51) (1.27 (0.38) (0.61)
Carly training was other technical 0.150 0.117 0.170 0.299 0.178
(1.53) (0.74) (1.13) {1.37) (1.19)
In (no. of core electrical patents
per million capita) 0.262 0.128 0.112 0.036 0.151
(4.32)%* (1.27) (L.14) 0.72) (1.42)
In {no. of overall patents per million
capita) 0.363 0.382 0.398 1415 -0.132
(4.32)++ (1.83) (1.95) (448  (1.07)
In (no. of telegraph operators per
thousand capita) -0.092 ~0.009 0.004 -0.380 -0.109
(0.95) (0.06) (0.03) (1.33) (0.73)
In (electric utilization per
thousand capita) —0.988 —0.813 -{(.801 =1.108 ~0.813
(8.95)** (6.70)%*  (A.50)%*  (5.73)**  (8.39)**
Birth year 0.340 0.303 0.303 0,385 0.332
(21.63)** {1538)*% (16.87)%* (11.83)%* (11.72)%*
1910 year dummy —3.529 -3.245 3,292 —4.010 -3.640
(6.79)%* (3.17)**  (5.36)**  (3.65)4*  (6.54)%*
Went to college 0.385 0.343 0.130
(4.73)**  (249)* (0.64)
Observations 646 287 287 153 105

*#* = Significant at 1 percent.
* = Significant al 5 percent.

Nates: Absolute value of z-statistics in parentheses. The samples in columns 2 through 5 were
limited to individuals with college information available and who also were in the same state
at the time of their first invention and their first crossover invention, Standard errors dre
clustered by states. The index for early training is inferred from the inventor's previous training
until the year that he filed for his very first patent. (Roughly 80 percent of inventors in our
sample did not appear to have any additional training after they received their [irst patent
but before the sampled years.) Also, see Table 1. The index for college education is inferred
from an inventor’s occupation reported in U.S. census manuscripts or city directories during the

https://doi.org/10.1017/50022050710000604 Published online by Cambridge University Press


https://doi.org/10.1017/S0022050710000604

758 Lo and Sutthiphisal

TABLE 5 — continued

ages of 11 to 22 as well as information from other biographical resources in www.ancestry.com
and university internet archives located via www.google.com. No college education was
assigned as the value (a) it is stated explicitly in his biography; (b) an occupation is listed before
age 21; or (¢) he worked as a laborer at age 22, Some college education was assigned if (d) it is
stated explicitly in his biography; (e) he was listed as having been a student or an alumnus
according to a university internet archive; or (f) he reported his education in a census or city
directory as a student between the ages of 18 and 22. The index for training is inferred
from similar sources, There are five different training categories. (a) An inventor was trained
as an electrician or electrical engineer if his ocoupation was reported as such, or he received a
degree in electrical engineering. (b) Training in other clectrically related fields refers to working
for an electrical, telephone, or telegraph company, but having no job title as electrician or
electrical engineer. (c) An inventor was trained in other related scientific fields if he received
a degree in or worked as a physician, dentist, optometrist, pharmacist, physicist, chemist,
metallurgist, mathematician, architect, draftsman, or an engineer of other kinds. (Physicians and
dentists likely had courses in chemistry.) (d) Training in other technical fields refers to working
as a machinist, toolmaker, watchmaker, locksmith, gunsmith, boiler maker, and the like.
(v) Training in other fields refers to background as a farmer, lawyer, or as an employee in a non-
clectrically related firm other than a tool and machinery firm,

Sources: LexisNexis, “U.S. Patents”; USPTO, “Full-Page Images”; U.S. Bureau of the Census
Census of Population (1890 and 1910), Census of Manufactwres (1890 and 1910), and
Decennial Census of Population Manuscripts (1850-1880 and 1900-1930); Sutthiphisal,
“Learning-by-Producing”; Lamoreaux and Sokoloff, “Inventors”; Ancestry.com, “U.S. City
Directories,” “Newspaper Obituaries,” and “Family and Local Histories™,

The results reveal that training was important. Prior training in the
electrical field raised an inventor’s immediate probability of coming
up with his first crossover patent 1.6 times (roughly equal to exp(0.47)),
relative to someone without any scientific and technical training.
College education also helped accelerate the onset of an inventor’s first
crossover patent. The coefficient in column 3 suggests that the first
crossover patent was obtained about 1.5 times sooner for someone who
had gone to college.

The positive coefficient on the log of the number of core electrical
patents per million capita reported in columns 1-3 indicates some
benefits arising from interindustry spillovers. As in the state-level
regressions, however, the role of interindustry spillovers was less
important than conditions that promoted invention in general, since
columns 1-3 all report a larger coefficient on overall patenting.z“
The results in these three columns also suggest that learning-by-using
was not a contributing factor in crossover inventive activity, as the

* Far those who had first started in the core clectrical field, the number of core electrical
patents per million capita may reflect intra-industry spillovers rather than interindustry spillovers,
and the number of all types of patents may capture interindustry spillovers in addition to
conditions conducive 1o inventive activity. However, such inventors only accounted for roughly
10 percent of the inventors and crossover patents in the sample. Furthermore, an unreported
regression that only explores individuals who were not trained in the electrical fields yields results
consistent with those from Table 5.
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coefficients on the number of telegraph operators and electric utilization
are small (or even negative).”

We then explore the possibility that inventors with different inventive
background, particuiarlg{ in their early inventive career, benefited from
the factors differently.”’ Column 4 investigates inventors who started out
directly as crossover inventors. This is the largest group of inventors
and they created nearly half of the crossover inventions in the sample
(see Table 2). The results suggest that conditions conducive to mventive
activity in general and college education played important roles for such
inventors because their inventive activity was most strongly influenced
by the number of overall inventions in the state and by their access to
college education.

In contrast, column 5 studies those who began their inventive career
by making inventions in fields that did not involve the electrical
technology. For these inventors, prior training in the electrical field and
interindustry spillovers were more important, although the relationship
is imprecisely estimated. The finding that these factors had asymmetric
effects across different types of inventors is not surprising. Exposure
to conditions conducive to inventive activity would be critical for
those who had never invented but were embarking on making crossover
inventions. Furthermore, college education (in any field) probably
allowed people who had never invented anything to learn about the
new technology and carry out crossover inventions. Those who had
invented in other fields would be more likely to incorporate the
electrical technology in their inventions if they had received training in
the electrical field or interacted with individuals possessing electrical
knowledge.”’

We next examine how different factors affected the inventor’s
ability to generate multiple crossover inventions over his entire career.
We apply a negative binomial regression model with the same set of
covariates as before, but the total number of crossover patents received
by an inventor over his whole life becomes the dependent variable.

% Perhaps, the positive effects of learning-by-using were too short-lived for inventors to
capitalize on it (see Irwin and Klenow, “Learning-by-Doing”). Also, note that the positive
cocflicient of inventor birth year corroborates the notion that younger population is more
susceptible to new technologies, whereas the negative coefficient on the 1910 year dummy is an
indication of that it became more difficult to obtain a crossover patent over time,

* We do not run a separate regression for those who began their inventive career as core
electrical inventors because of the small sample size.

* General knowledge in technical ficlds would vield earlier patenting in any fields. An
unreported regression reveals that for an inventor whose first patent was neither core nor
crossover inventions, technical training, regardless of field, led to early occurrence of the first
patent. But the impact of training in the clectrical fields (0.447) was smaller than the impact of
training in the other technical fields category (0.867).
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The regression results on inventors who lived in the same state of
residence over their career are reported in Table 6.** Receiving the most
advanced training in the electrical technology and attending college
increased an inventor’s productivity substantially, as all three columns
have positive and statistically significant coefficients on “early training
as electrician™ and “went to college.” According to the coefficients in
column 1, crossover inventors with prior training as electricians had
exp(0.887) or 2.43 times the productivity of inventors who did not
have any scientific or technical training. Similarly, college educated
inventors were 2.19 times more productive than inventors who did not
attend college. The regression also reveals that conditions conducive
to all types of inventive activity were important. However, such
conditions may be only instrumental to those who started their inventive
carcer with crossover inventions. Column 2, which examines inventors
who started their inventive career with a crossover invention, shows
a sizable, positive, and statistically significant coefficient on overall
patenting (0.721). The same coefficient in column 3 for inventors
whose first invention did not utilize the electrical technology, was
insignificant and negative. On the other hand, inter-industry spillovers
and learning-by-using had limited effects. All three columns display a
positive but relatively small coefficient on the log of the number of core
electrical patents. Likewise, the coefficients on the two measures of
electric utilization were either small or negative.

In brief, the individual analysis lends further support fo the findings
from the state-level analysis that human capital and an environment
promoting all types of inventions were important factors. The individual
analysis goes one step further in identifying various forms of human
capital and how they affected inventors with different inventive
background. For those who started out inventing in other fields (neither
core nor crossover inventions), direct training in the electrical technology
greatly influenced the likelihood and frequency that they would switch to
making crossover inventions. However, many crossover inventors who
did not hold a job title as electrician or electrical engineer appeared able
to learn about the technology through attending college regardless of the
field they studied in college.

** Selection bias may arise as we exclude inventors who did move. However, the bias seems
limited as same regression models that include movers yield similar results.
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TABLE 6
NEGATIVE BINOMIAL REGRESSIONS OF NUMBER OF CROSSOVER PATENTS IN CAREER

(1) 2 (3)
All Types First First
of First Patent Patent
Patent was was
Number of Crossover Patents Made in Entire Carcer Applied Crossover Other
Constant 4.284 -30.226 36,796
(0.35) (1.35) (2.03)*
Early training was electrician 0.887 0.977 1.241
(3.60)** (2.89)** (2.78)**
Early training was other electrical —0.365 —0.145 0.017
(1.23) (0.38) (0.03)
Early training was in related science -0.167 0.278 —0.549
(0.79) (0.92) (1.93)
Early training was other technical 0.120 0.170 0.187
(0.54) (0.50) (0.60)
In (no. of core electrical patents per million capita) 0.094 0.081 0.083
(2.03)* (1.29) (1.19)
In (no. of overall patents per million capita) 0.179 0.721 —0.166
(1.46) (2.69)**  (1.09)
In (no. of telegraph operators per thousand capita) ~0.065 0221 0279
(0.57) (0.64) (1.93)
In {electric utilization per thousand capita) -0.176 —0.376 0.038
(2.07)* (292)**  (0.28)
Birth year -0.002 0.015 -0.019
(0.35) (1.27) (1.97)*
1910 year dummy 0.507 0.842 0.308
(1.98)* (2.44)* (0.76)
Went to college 0.783 0.556 0.932
(425)**  (2.04)*  (3.59)**
Observations 218 120 83

** = Significant at 1 percent.

* = Significant at 5 percent.

Notes: Absolute value of z-statistics in parentheses. The sample is limited to inventors
who stayed in one state during their patenting career and for which we could obtain college
information.

Sources: See Table 5.

CONCLUSION

Using the electrical technology as a case study, we provide an
in-depth account of the process that governs how an important
technological discovery spreads from its incubation sector into
inventive activity in other industries, and helps the technology’s
potential as a GPT materialize. Knowledge about possible applications
had a larger impact on inventive activity in downstream industries than
knowledge about the GPT. Electrical crossover inventions were largely
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carried out by inventors who were distinctly different from those who
contributed to technology advancement in the electrical industries. Many
of these inventors had little relationship with the core sector and had not
worked directly in the electrical industry. Crossover inventors were like
all inventors in that they benefited a great deal from relatively high levels
of human capital and resided in areas abundant with favorable conditions
conducive to all kinds of inventive activity.

Even though interindustry spillovers and learning-by-using often
function as ways to transmit intimate technical knowledge among
the technologically creative, our findings suggest that these two
mechanisms are not necessary conditions for crossover inventions. The
disclosure requirements for patents and the markets for technology
allowed inventors with limited experience with electricity but high
levels of human capital to produce a significant number of crossover
inventions. The experience from the electrical technology also implies
that there may be a division of “creative” labor between the core
and application sectors in the diffusion of GPTs. Inventors in the
core sector likely specialize in making the GPT more standardized,
“modular,” or “plug-and-play,” while an ever increasing number of
downstream sectors broaden the spectrum of its uses. Such a finding
appears to echo the conjecture proposed in the GPT literature that the
core and apglication sectors exhibit an innovational complementarity
relationship.”

These results suggest that the role of knowledge spillovers (at least
between industries) may be overstated, whereas investment in human
capital may be underappreciated in the knowledge diffusion literature.
Also, if the experience of the introduction of electrical technology can
be generalized to the spread of modern GPTs such as IT, the recent
policies of developing countries, such as China and Malaysia, that
try to attract high-tech firms or their R&D facilities may not bring
about increased rates of inventions unless they have first established a
favorable environment for inventive activity in general and accumulate
sufficient levels of general human capital.

* See Helpman and Trajtenberg, “Time to Sow” and “Diffusion.”
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