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Abstract This study examines diversified knowledge and how it affects the impact of
technological innovation. Specifically, we examine the effect of diversified technology
knowledge—measured by technologies that underlie patents, and the effect of diversified
country knowledge—measured by collaboration with inventors from other countries. Using
Generalized Linear Latent and Mixed Modeling, we analyze 97,118 patents in the com-
puters and communications industry and in the drugs and biotechnology industry, which
were applied for and granted in the US to inventors from 13 countries over a period of
5 years. Controlling for economic and cultural variables, we find that diversified tech-
nology knowledge and diversified country knowledge are both positively associated with
the impact of technological innovation. These findings provide new insights for firm
managers, industry leaders, and policy makers regarding effective actions designed to
increase the impact of technological innovation.

Keywords Innovation - Technology - Diversified knowledge - Inventors - Patents -
Citations

1 Introduction

Innovation is critical for industries because it can facilitate national growth and improve
the position of the country and the industry in global markets. A national industry
exhibiting reputable innovation can attract foreign investment, lead global markets, and
consequently propel entire economies. Innovation-focused industry leaders, policy makers,
and managers are largely aware of the importance of innovation, and are thus willing to
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invest considerable amounts of money in advancing the innovativeness of their firms and
industries. However, it is not entirely clear in which aspects of research and development
one should invest if the goal is to increase the impact of technological innovation. Con-
sequently, much of the funding allocated for developing innovative technologies could turn
out to be ineffective, rendering the investment suboptimal. For example, should industry
leaders invest in inter-industry or inter-country collaborations? What type of knowledge
exchange is most effective and should thus be incentivized by firm managers and industry
leaders?

The current research aims at answering the following research question: How does
diversified knowledge affect the impact of innovation in an industry? Specifically, we
examine the effect of diversified rechnology knowledge—measured by the share of tech-
nologies adapted from other technology domains that underlie patents, and the effect of
diversified country knowledge—measured by the share of collaboration of inventors from
the focal country with inventors from other countries. We test how these two types of
knowledge affect the impact of innovations of inventors from 13 countries in two
important industries—the computers and communications industry and the drugs and
biotechnology industry.

The effect of diversified knowledge on the innovation of an industry is important
because such innovation could be critical for nations looking to sustain or improve their
position in global markets. Indeed, governments invest hundreds of billions of dollars in
innovation in their industries in an attempt to facilitate economic growth and to establish
and sustain industry leadership. For example, in 2013 the US government spent about $396
billion on research and development, Japan spent about $141 billion, and China spent
about $294 billion, constituting between 2 and 3.5 % of the GDP in these countries (OECD
R&D statistics 2015). These numbers attest to the importance that governments attribute to
innovation in their industries, as well as to the value of the present research that offers
effective investment priorities.

The present study examines two types of industry-relevant knowledge: (1) diversified
technology knowledge, and (2) diversified country knowledge. We define diversified
technology knowledge as the extent to which an innovation adapts technologies from other
technology domains. For example, to develop the innovation of the microwave oven,
Raytheon adapted short-wave technology used in radars (US patent number 2495429A);
technology knowledge was thus adapted from radars to cooking. To develop the innovation
of CD-ROM, researchers at the Pacific Northwest National Laboratory used compact disc
technology originally designed for playing music (Dew et al. 2004); technology knowledge
was thus adapted from music playing to computer data storage. Given our interest in
industries, we look at diversified technology knowledge of innovations aggregated to
industry level.

We define diversified country knowledge as the extent to which an industry employs the
knowledge of inventors from other countries for developing innovation. For example, to
develop the innovation of the television camera, RCA recruited Vladimir Zworykin, an
engineer who received his technological education in Russia, to direct the American team
of inventors (Abramson 1995), thus utilizing knowledge of an inventor from another
country.

The drivers that can affect innovation in national industries have long been of great
interest to scholars (e.g. Lanjouw and Schankerman 2004; Shane 1992; Tellis et al.
2009). However, the role of diversified knowledge has thus far not been directly
addressed. Moreover, diversified technology knowledge has previously been examined
primarily at the inventor level (Hargadon 2002; Hargadon and Sutton 1997). We
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contribute to the literature (1) by examining the effect of diversified technology
knowledge at the national industry level and deciphering a specific form of technology
recombination (Fleming 2001), and (2) by testing the effect of diversified technology
knowledge simultaneously with the effect of diversified country knowledge, across a
large international sample.

We use patent, economic, and cultural data to test our hypotheses, which we develop to
answer the research question stated above. Our data include 97,118 patents granted by the
United States Patent and Trademark Office (USPTO) to inventors from 13 countries over a
period of 5 years in two major industries. We find that diversified technology and country
knowledge can critically affect the impact of innovation in these industries.

The remainder of the paper is organized as follows. We begin with establishing a
theoretical framework, from which we develop our hypotheses. We then describe our data
and measures. We go on to present our results and discuss the findings and limitations of
the study, and finally we suggest future research opportunities and implications.

2 Theoretical framework and hypotheses

In this section we establish a theoretical framework that we use throughout the paper, and
from which we develop our hypotheses regarding the effects of diversified technology
knowledge and country knowledge on the impact of innovation. We exhibit our conceptual
framework in Fig. 1.

Diversified technology
knowledge

(measured by share of
technologies adapted from other H1
domains that underlie patents)

Innovation
impact

Diversified country
knowledge

(measured by share of
collaboration with inventors from
other countries)

Trade openness
R&D expenditures
Number of patents
US inventors

Cultural variables

Fig. 1 Conceptual framework: diversified knowledge and the impact of innovation
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2.1 Diversified knowledge and innovation

Research suggests that external knowledge inputs are vital for accelerating innovation
(Saebi and Foss 2014). A frequent mean of accessing external knowledge is through R&D
collaborations and innovation networks (see Bouty 2000; Dhanaraj and Parkhe 2006). Such
collaborations enable firms to access knowledge that exists outside the specific firm; This
type of knowledge mobility facilitates synergies that lead to enhanced innovation per-
formance (Dhanaraj and Parkhe 2006).

We posit that diversified knowledge positively affects the impact of innovation for two
major reasons: (1) diversified knowledge enables entrenchment escaping and closure
avoidance; and (2) diversified knowledge drives an increased variety of the knowledge
stock available for innovation. We discuss these reasons next.

2.1.1 Entrenchment escaping and closure avoidance

Innovation processes founded solely on currently existing knowledge, or on narrow
knowledge, are likely to lead to entrenchment of the thought and development processes.
Without stretching knowledge boundaries firms become entrenched and cannot achieve
innovation (Leonard-Barton 1992). Knowledge that is not open to new directions leads to
closure, which only allows for the further exploitation of already existing knowledge,
rather than the exploration of new knowledge that may open new opportunities and
expand technological possibilities. Accordingly, an important innovation-related com-
petence is the ability to access new knowledge that does not exist within the current
knowledge boundaries, and to integrate it into the innovation effort (Henderson and
Cockburn 1994).

2.1.2 Increased variety of the knowledge stock available for innovation

Prior studies indicated that the diversity of the knowledge available for innovation can be
critical. For example, Hargadon (2002) and Hargadon and Sutton (1997) have identified
that learning about resources in multiple domains and then combining ideas, artifacts, and
individuals across domains to solve problems positively affects innovation. The more
varied the stock of knowledge available for innovation, the larger the recombinant
opportunities it potentially has. The variety improves the selection process and decreases
the likelihood of technological dead-ends (Singh and Fleming 2010). The variety of
knowledge also promotes combining ideas that had not been brought together before, thus
leading to increased innovation performance (Ahuja and Lampert 2001; Singh and Fleming
2010). This notion of variety is in line with the increased variance associated with
exploration activities, as opposed to exploitation, and is associated with increased inno-
vation performance (March 1991). In the following sections we develop our hypotheses
regarding diversified knowledge based on the above ideas of avoiding closure and
increasing variety.

2.2 Innovation and diversified technology knowledge
A number of scholars have addressed the use of diversified technology knowledge, and,

more specifically, knowledge that originated in a specific technology domain and was then
taken out of the original domain and adapted into a different technological domain (e.g.
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Cattani 2005; Dew et al. 2004, 2008). For example, the development of the LCD television
flat screen adapted a technology originally developed for car safety windshields (Cattani
2006), thus increasing the diversity of the technology used to develop the innovation.
Similarly, the development of Viagra adapted a technology originally developed for
treatment of heart disease (Dew et al. 2004). The diversified technology base of Viagra
contributed to the impact of this innovation.

With the ever-increasing importance of utilizing technology from external sources,
appropriately managing external sources of technology has become critical for innova-
tion (Van de Vrande 2013). For example, combining knowledge across diverse tech-
nologies was found to be associated with exploration activities that supported innovation
in the optical disk industry (Rosenkopf and Nerkar 2001). Accordingly, we posit that a
technology adapted from a different technology domain is likely to increase the impact
of innovation, because it enables avoiding closure and increasing the variety of
knowledge.

First, an idea taken from its original context and adapted to a new context is perceived
as creative (Goldenberg et al. 1999), and thus it breaches any entrenchment potential and
facilitates closure avoidance. As a result, the target market perceives the technology as
richer and more promising. Moreover, a technology may be evolutionary in its own
domain, but once adapted into a new domain it is effectively quite different from the
existing technology in that new domain, thus creating a revolutionary technological leap.
For example, for the development of Pyrex home cooking-ware, the inventors adapted an
extreme temperature-enduring glass technology that was used for railroad lanterns. The
heat-resistant glass was evolutionary in the railroad lantern industry, but once adapted into
the cooking domain Pyrex became revolutionary as a substitute for metal and clay cooking-
ware (Rosenzweig et al. 2015).

Second, a combination of components and processes from more than one technology
domain, i.e. increased variety, can potentially produce impactful innovation (Fleming and
Sorenson 2004). Technological evolution in a specific market may reach a certain limit, but
adapting a technology that was originally developed in a different technology domain to a
new domain enables cross-fertilization, and provides new benefits to the new customers
(Foster 1986). The combining of diverse technological components generates unique and
thus genuine innovation (Van de Vrande 2013), enabling inventors to adapt solutions
across technology domains and thereby creating innovations based on a variety of tech-
nologies (Hargadon and Sutton 1997). This wide recombination of knowledge is likely to
lead to innovations with high economic value (Kaplan and Vakili 2015). The above evi-
dence and arguments suggest that:

HP 1 Diversified technology knowledge positively affects the impact of innovation.
2.3 Innovation and diversified country knowledge

With the increase in the complexity, risks, and costs of innovation in recent decades,
cooperation for the sake of innovating has become increasingly important (Hagedoorn
2002). Prior studies have found that learning from other countries is critical for R&D (e.g.
Rosenberg and Steinmueller 1988), and that access to foreign R&D meaningfully affects a
country’s productivity (e.g. Coe and Helpman 1995). R&D cooperation with other coun-
tries can considerably affect technological advancements (Feinberg and Gupta 2004), and
foreign R&D activities can have a meaningful influence on the innovation performance of
firms that utilize such activities (Liu and Buck 2007).
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We argue that cooperation with inventors from other countries increases the impact of
innovation for two main reasons. First, cooperation with inventors from other countries
enables closure avoidance. When inventors enter a certain field they usually spend most of
their professional time with others just like them—people who share the same ideas and
same assumptions. This closure impedes creativity and innovation (Kanter 1996). Net-
working with similar professionals implies social closure. In a state of closure, individuals
in a network are connected more to each other than to outsiders, thus restricting their
access to resources and information that outsiders possess (Burt 1992; Granovetter 1992).
Conversely, cooperating with diverse individuals who increase the heterogeneity of one’s
network increases the heterogeneity of the social capital embedded in the network (Gra-
novetter 1973; Rosenzweig et al. 2016). Thus, cooperating with inventors from other
countries enables closure avoidance.

Second, cooperating with inventors from other countries enables the integration of their
knowledge and thus the increased variety of the stock of knowledge, leading to increased
productivity (Grossman and Helpman 1991). When cooperating with R&D personnel in
other countries, inventors can learn not only from innovation activities in their own country
but also from the technological advancements that their peers are achieving in other
countries (Grossman and Helpman 1991). Moreover, inventors from different countries are
likely to have diverse technical experience, which was found to positively affect innova-
tion performance (Singh and Fleming 2010). Such considerable positive effects are far
greater than any transaction costs of a cooperative effort (Becker and Dietz 2004). We
therefore hypothesize that:

HP 2 Diversified country knowledge positively affects the impact of innovation.

3 Data and methods
3.1 Sample

We use countries’ patents and economic and culture indicators to test our hypotheses.
Patents are good indicators of knowledge mobility and transfer (Agrawal and Henderson
2002). Numerous management studies have used patenting indicators to measure tech-
nological outputs and innovative performance (e.g. Artz et al. 2010; Chatterji and
Fabrizio 2014; Rosenzweig and Mazursky 2014; Sorescu et al. 2007; Van de Vrande
2013). Specifically, we use the National Bureau of Economic Research (NBER) patent
dataset. We examine patents applied for and granted in the US in two technological
categories: (1) computers and communications (including communications, computer
hardware and software, computer peripherals, and information storage subcategories),
and (2) drugs and biotechnology (including drugs and biotechnology subcategories). We
select US patent data because the US is the global arena for high-tech and bio-tech
innovations, and any firm in any country that wishes to export goods protects its
intellectual property in the US. The United States Patent and Trademark Office (USPTO)
is the global standard for patenting, and a patent granted in the US is likely to be
protected by international law in other countries (Trajtenberg 2001). We select these two
industries because they are of primary interest for researchers, as is evident in prior
management studies that have examined them (e.g. Chatterji and Fabrizio 2014, 2016;
Narasimhan et al. 2006; Rosenzweig 2015; Zidorn and Wagner 2013).
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3.2 Measures
3.2.1 Dependent variable

Using the NBER patent dataset, we adapt Trajtenberg’s (1990) measure of the average
number of citations that patents received from subsequent future patents (forward citations)
to measure innovation impact. We then aggregate the patents to the industry level:

nj

> (1 4 Forward_citations;) — n;

Innovation_impact;, = =l (1)
n
‘Jt

where i is a patent, j is an industry, ¢ is time (year), and n is the number of patents applied
for in industry j in year ¢. The logic behind this measure is that patents that are cited more
often by subsequent patents are more impactful (Narasimhan et al. 2006). Economic and
managerial research have used citation counts as innovation performance indicators (e.g.
Audia and Goncalo 2007; Benner and Tushman 2002; Lanjouw and Schankerman 2004;
Rosenzweig and Mazursky 2014; Sorescu et al. 2007). To be approved by patent exam-
iners, inventors must cite all prior patents on which they relied but have no incentive to
over-cite prior patents; thus, patent citations are not biased or tainted by unnecessary
citations of friends or famous inventors (Chandy et al. 2006; Gomes-Casseres et al. 2006).
We use citations received until 2006 by patents applied for and granted between 1995 and
1999. This enables us a sufficient historic and future time windows to measure future
impact avoiding truncation bias (Chatterji and Fabrizio 2014). We follow prior studies that
have used a similarly far-back time window; for example, Lanjouw and Schankerman
(2004) examined patents applied for until 1993, and Singh and Fleming (2010) examined
patents applied for until 1995. We exclude self-citations, i.e., citations made by firms of
their own prior patents. Because a patent granted in 1995 has had more time to be cited
than a patent granted in 1999, we use citation counts corrected for this truncation (Hall
et al. 2001). We examine patents applied to by inventors from 13 countries." The con-
vention of the US patent office is to determine the nationality of the patent according to the
address of the first inventor, and we follow this convention (Trajtenberg 2001; see also Hall
et al. 2001). The total number of patents included in our analysis is 97,118, aggregated to
the industry level within a country and year (see Table 1). Accordingly, our level of
analysis is an industry within a country. Because the counts are averaged and aggregated,
their distribution is close to normal, with no zero inflation.

3.2.2 Independent variables

We measure diversified technology knowledge using a patent’s citations of prior patents
(backward citations), indicating the technologies the patent relies on. We count the number
of prior patents that a given patent cites that are from technology domains different from
the technology domain of the focal patent:

Diversified_technology; = 1 — ZDI-ZJ-, (2)
i

! We select all the countries examined by Trajtenberg (2001), but exclude Hong Kong, Singapore, and
Taiwan because we were unable to obtain reliable country-level data for some of the examined years.
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Table 1 Countries and number of patents included in the analyses

Country Total number of patents Number of patents in computers Number of patents in drugs
and communications and biotechnology
us 59,215 41,418 17,797
Japan 22,318 19,653 2665
Germany 3389 1749 1640
UK 2706 1398 1308
France 2674 1300 1374
Korea 2542 2386 156
Canada 2005 1229 776
Italy 751 344 407
Israel 697 483 214
Finland 571 471 100
Spain 132 43 89
New Zealand 64 29 35
Ireland 54 39 15
Total 97,118 70,542 26,576

Data were classified by the author

where D[-zj is the percentage of citations cited by patent i that belongs to industry j out of m;
industries. If a patent cites very few patents from other technology domains then this
measure is close to zero, indicating it is not diversified because it relies primarily on
technology from the same domain. However, if it cites many patents from other technology
domains then the measure is close to one, indicating it is highly diversified because it relies
heavily on technology domains other than its own (Hall et al. 2001).

We measure diversified country knowledge using the share of patents of a country that
were co-invented with inventors from other countries:

Patentswith inventors from other countriesc;_

» 3)

Diversified_country_knowledge.;_; =
Total patents¢;_
where Patentswithinventorsfromother countries.,— is the number of patents of country ¢
in year t — 1 in which inventors from the focal country c¢ co-invented patents with
inventors from other countries, and Total patents.,_ is the total number of patents applied
for by inventors from the focal country c in year t — 1. This measure is frequently used—
for example, by the Organization for Economic Co-operation and Development (OECD)—
to estimate the extent of collaboration between inventors across countries. Accordingly,
this measure was not derived from our patent data but rather from the OECD ‘international
co-operation in patents’ database.” Given that this measure relates to cooperation with
inventors from other countries in all industries of a country in a given year, the measure is
not industry-specific but rather country-specific, and thus is in line with our theory. We use
this measure with a 1-year lag to ensure causal ordering.

2 The data are available at http://stats.oecd.org/# under ‘international co-operation in patents’ (percent of
patents with foreign co-inventors)/patents statistics/science, technology and patents section of the OECD
statistics. To construct the OECD measure, the number of patent applications to the Patent Cooperation
Treaty (an international patent law contract that provides a uniform procedure for filing patent applications)
of each country in a given year was counted, and the share of these patents in which inventors from the focal
country collaborated with inventors from other countries from this number was calculated.
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3.2.3 Control variables

Our analysis controls for additional variables that are potentially relevant to the industries’
impact of innovation. Because the extent to which a country is open for international
imports and exports has been found to affect a country’s innovation (see Furman et al.
2002; Liu and Buck 2007; Rosenzweig and Mazursky 2014), we control for the trade
openness of the countries in our sample. We use the sum of imports and exports as a share
of the GDP, with a 1-year lag to ensure causal ordering. Following prior research, we also
control for the R&D expenditure of the focal country (e.g. Furman et al. 2002; Gallié and
Legros 2012; Liu et al. 2008), and for the number of patents per industry granted by the US
patent office, because it measures the ability of a national industry to convert knowledge
into innovation and potential economic value (e.g. Andrew 2009; Liu et al. 2008;
Rosenzweig and Mazursky 2014). These data were obtained from the OECD databases.
Following prior research controlling for national cultural aspects, we control for the fol-
lowing cultural variables (Hofstede 2001): individualism (vs. collectivism), masculinity,
uncertainty avoidance, long-term orientation, and power distance index. Power distance is
a cultural dimension that reflects the extent to which individuals accept the fact that the
distribution of power in their culture is unequal. Individuals in societies high in power
distance expect their society to behave hierarchically. Consequently, individuals in such
societies (high power distance index) accept the authority of individuals who are consid-
ered socially superior to them. In societies low in power distance, individuals do not expect
hierarchical behavior and tend to treat individuals who are considered to be socially
superior to them as equals (Hofstede 2001; Hofstede et al. 2010; Roozmand et al. 2011).
Specifically, we used the power distance index, and all other cultural variables, provided by
Hofstede (2001). Hofstede’s cultural measures are frequently used in innovation studies
(e.g. Efrat 2014; Engelen et al. 2012, 2014).

To control for time effects, we use year of patent application dummy variables. Whereas
we include patents granted until 1999, the time indicator in our analysis refer to the year
the patent was applied for, because this point in time is close to the time the innovation was
actually developed. To control for industry effects we use a dummy variable denoting 1 for
computers and communications, and 0 for drugs and biotechnology. Finally, because we
examine citations of patents granted by the US patent office, we also include a dummy
variable to control for patents of American inventors, because they are likely to be over-
represented compared with non-American inventors.

4 Analysis and results
4.1 Descriptive findings

Table 2 provides the correlations of the study’s variables. Figure 2 exhibits the average
impact of innovation by countries and industries. We find that the highest impact for
innovation in the computers and communications industry in the examined years is of New
Zealand (31.73), followed by Ireland (29.19) and Canada (29.05). The highest impact for
innovation in drugs and biotechnology is of the US (9.83), followed by Israel (8.79) and
Ireland (8.10). Figure 3 exhibits the average share of diversified technology knowledge by
country and industry. The highest level of diversified technology is of the US (an average
of 38.6 % of the technology is adapted from other technological domains for both
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examined industries), followed by Israel (36.4 %) and Finland (35.3 %). Figure 4 exhibits
the share of cooperation with inventors from other countries. The highest tendency for
diversified country knowledge is of Ireland (34.1 %), followed by Canada (24.2 %) and
Spain (18.6 %).

4.2 Hypotheses testing

To test our hypotheses we use a generalized linear latent and mixed model (gllamm)
regression procedure (Rabe-Hesketh et al. 2002). This multilevel regression model is
superior to other models in analyzing our data in that it accounts for multilevel variables.
Our data have multilevel variables of observations nested in different industries, which are
nested within countries. The gllamm model includes both fixed and random effects in the
linear predictor, and is especially fitted for observations that are grouped in clusters and
thus are mutually dependent (Rabe-Hesketh et al. 2002). In other words, our data have
three levels: level-1 units are the measurement of innovation impact. These level-1 units
are nested in level-2 units, which are the two industries (1) computation and communi-
cations; and (2) drugs and biotechnology. These level-2 units are nested in level-3 units,
which are the 13 countries that we examine. Our gllamm procedure ascribes random effects
at the industry and country levels, but the variation is constant for the two industries that
belong to the same country.> We use this model because the innovation impact of two
industries within a single country is affected by similar macro-economic and cultural
variables. Note that the objective of this model is to assess diversified knowledge effects on
industries, and the countries we examine are infegrated into the analysis rather than
compared to one another.

We execute the gllamm procedure using Stata, specifying a three-level model. Fol-
lowing the recommendation of Rabe-Hesketh et al. (2004), we use the following model
specifications: the family for the continuous response is Gaussian; we use 10 quadrature
points; and we use the adaptive quadrature option that provides better parameter estimates
than the ordinary quadrature, as it better accounts for potential large clusters, large number
of events and instances of intra-class correlations (Rabe-Hesketh et al. 2002). We fit a
model where the dependent variable is the innovation impact, diversified technology
knowledge and diversified country knowledge are predictors, and the covariates are as
listed in Table 3, with 26 level-2 units (two industries in each of the 13 countries) and with
13 level-3 units (13 countries).

Column 1 in Table 3 reports the results of our main model. We find that diversified
technology knowledge, in terms of technologies underlying patents, is positively and
significantly associated with the impact of innovation (B = 16.92, p = .024), in support of
Hypothesis 1. Similarly, we find that diversified country knowledge, in terms of cooper-
ating with inventors from other countries, is positively and significantly associated with the
impact of innovation (f = 47.19, p = .001), in support of Hypothesis 2. We also find that
the computers and communications industry is positively associated with the impact of
innovation compared with the drugs and biotechnology industry, and that power distance is
negatively and significantly associated with the impact of innovation.

3 A frequent example is pupils in classes, where there are random effects at the class level but variation is
constant for pupils in the same class (Rabe-Hesketh et al. 2004).
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578 S. Rosenzweig

4.3 Additional analyses and robustness checks

It would be valuable to understand the potential effect of a combination of diversified
knowledge, that is, whether the effect of an interaction between diversified technology
knowledge and diversified country knowledge also positively affect innovation impact. For
this purpose, we have added an interaction of these two types of diversified knowledge to
our main model (Table 3 column 2). We find that the coefficient of the interaction is
positive and significant (B = 456.57, p < .001), indicating that highly diversified tech-
nology and country knowledge significantly increase innovation impact. Moreover, it could
be argued that it is not the cooperation with inventors from other countries that matters, as
much as the country being open to goods and ideas from other countries, or the country
being culturally open to ideas of different social groups or sectors within the country that
increases the positive effect of diversified technology. We therefore add an interaction of
diversified technology knowledge with both trade openness, and power distance index
respectively. Similarly, one could argue that diversified technology could flourish if the
country invests considerable funds in research and development. We thus added an
interaction of diversified technology and R&D expenditure. The results, presented in
Table 3 column 3, suggest that whereas the interaction of diversified technology and
country knowledge remains positive and significant, these additional interactions are
insignificant. These findings further strengthen the importance of diversified knowledge to
the impact of innovation.

For robustness checks, we conducted similar gllamm analyses based on our main model,
clustering years and industries in countries (as opposed to only clustering industries in
countries in our main model). We report these analyses in columns 1-2 of Table 4. As an
additional robustness check, we used a cross-sectional time series regression analysis. We
report the results in column 3 of Table 4. In all of these analyses, we replicate the findings
from our main model.

4.4 Addressing potential selection bias

Compared with patents by US inventors, the number of patents by non-US inventors in our
sample is small (see Table 1). This difference could indicate a selection bias: foreign
inventors select only their very best patents to invest in and to patent by the US patent
office. If this is the case, then the average impact of these selected foreign patents is likely
to be higher than that of US patents, whose inventors apply to the US patent office for all
their patents, regardless of their quality or importance. However, such possible selection
bias does not limit our findings for the following reasons. First, we do not make any
assumptions regarding differences between countries. Second, for the computers and
communications industry, four countries exhibit similarly high impact rates to the impact
rates of American innovation, and all other countries exhibit lower impact rates. In the
drugs and biotechnology industry, the average impact of American patents is considerably
higher than that of other countries (see Fig. 2). These findings suggest that American
innovation in our sample is no less impactful than the innovation of inventors from other
countries, indicating the absence of selection bias against American inventors. Third, our
regression analyses control for such a potential bias by integrating a dummy variable for
patents of American inventors.
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5 Discussion
5.1 Contribution and main findings

The present study suggests that the impact of innovation in both the computers and
communications industry and the drugs and biotechnology industry is meaningfully
affected by diversified knowledge. We contribute to the literature by examining two types
of diversified knowledge—technology and country—at the national industry level across a
large international sample. The key findings of this study regarding the said industries are:
(1) Diversified technology knowledge, as measured by the share of technologies adapted
from other technology domains that underlie patents, is positively associated with inno-
vation impact; and (2) Diversified country knowledge, as measured by the share of col-
laboration with inventors from other countries, is positively associated with innovation
impact. We posit that the positive effect on the impact of innovation stems from closure
avoidance and the increased variety of the knowledge stock available for innovation.

5.2 Limitations and future research opportunities

Patent data have become very popular in recent years, and have been used in studies to
measure innovation impact, quality, and usefulness (e.g. Artz et al. 2010; Chatterji and
Fabrizio 2014, 2016; Kaplan and Vakili 2015; Rosenzweig and Mazursky 2014; Van de
Vrande 2013). This popularity stems from the fact that patents are historical records
that provide a systematic measure of inventors, networks, usefulness, technology spil-
lover, and the economic value of innovations (see Kaplan and Vakili 2015; Singh and
Fleming 2010; Trajtenberg 1990). That being said, patent data do have some limita-
tions. First, not all innovations are patented, because inventors may choose to either
protect their innovation by secrecy or not to protect it at all (Hall et al. 2001; Moser
2005). If innovations are not patented, then the diversified technology knowledge (if
any) in these innovations is not recorded.

Second, prior studies suggest that patent citations are tainted by citations made by patent
examiners rather than by the inventors themselves, suggesting that inventors may have
been entirely unaware of the patents that their innovation ultimately cited (Alcacer et al.
2009; Criscuolo and Verspagen 2008; Gomes-Casseres et al. 2006). Whereas we
acknowledge this limitation, it is unlikely that it biased our results because (a) in the US
patenting system, as opposed to the European one, the applicants and not the examiners are
responsible for complete disclosure of prior technology (Branstetter 2006; Criscuolo and
Verspagen 2008); and (b) based on the seminal work of Trajtenberg (1990), it is the
combined number of citations of both the inventors and the examiners that indicate the
actual impact of the cited patent.

Third, our measure of diversified technology, which is based on backward patent
citations, relates to whether the focal patent and the patents it relies on are from the same
technology domain. It does not, however, account for the technological distance between
these patents. Future research can account for any technological distance and examine
whether drawing on close or distant technology domains impedes or facilitates the impact
of innovation (Kaplan and Vakili 2015). For example, it could be the case that adapting a
technology from a close domain positively affects the impact of innovation, but adapting a
technology from a distant domain negatively affects the impact of innovation. There is also
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room for examining the effect of the variables we focus on at the firm level. Whereas
diversified knowledge related to inventors at the firm level was examined in prior studies
(e.g. Chatterji and Fabrizio 2016; Singh and Fleming 2010), we know very little about
diversified technology knowledge at the firm level. In the same vein, we know very little
about the effect of other diverse sources of knowledge within an organizational— rather
than a national—culture context.

5.3 Implications

The findings of this study have implications for policy makers, industry leaders, firm
managers, and researchers. First, policy makers and industry leaders should be aware of the
variables that affect the impact of innovation in their industries. For example, policy
makers and industry leaders should publicize the positive effects of diversified knowledge
from a variety of technology domains on the impact of innovation, and incentivize such
adaptation through industry and academic seminars and conferences, as well as through
designated funding. It is also valuable for policy makers to be aware of the notion that
inter-country collaborations at the country level may spill over and positively affect the
impact of innovation, at least in the computers and communications industry and in the
drugs and biotechnology industry. These two forms of knowledge diversification—tech-
nology and country—may prove to be valuable in improving innovation impact in the said
industries, not only as a main effect but also through their interaction.

Second, this study examines the level of the industry. However, because the industry is
a collection of the firms active in it, the findings imply that one can take measures to
increase the impact of innovations not only at the industry level, but also act to increase the
impact of innovation in a single firm. Consequently, managers may want to consider
implementing routines of inter-country collaboration. They can also actively search for
technologies in domains other than the ones in which their firm is active, and adapt and
integrate them in their new products and technologies. Such an active position is likely not
only to increase the impact of innovative technologies, but also to be less costly than
developing entirely new technologies (Rosenzweig et al. 2015).

Third, the idea of diversified technology knowledge is discussed in the innovation
literature primarily in the context of recombination. For example, Fleming (2001) relates to
recombination as joining components that exist either in a similar context or a different
one. Hargadon (2002) and Hargadon and Sutton (1997) address inventors as brokers of
knowledge, who combine in new ways technologies with which they are already familiar.
Specifically, Hargadon (2002) provides the example of Ford’s innovation of mass pro-
duction as the combination of four technologies that were already used in car manufac-
turing—interchangeable parts, an electric motor, flow production, and an assembly line,
and their conflation into a single system. The present study examines a specific and
different kind of recombination—a technology taken out of its original context and adapted
to an entirely different technological context. A theoretical implication of this study,
therefore, is the disentangling of recombination and empirically testing the contribution of
this specific kind of recombination—diversified technology knowledge—in a single
framework with other sources of diversified knowledge. Exemplifying the advantages of
this specific type of a recombination is a theoretical step forward in deciphering an array of
technological recombination.
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