
Research Policy 33 (2004) 1615–1634

Science and the diffusion of knowledge

Olav Sorensona,∗,1, Lee Flemingb,1

a Anderson Graduate School of Management, UCLA, 110 Westwood Plaza, Box 951481, Los Angeles, CA 90095-1481, USA
b Harvard Business School, Boston, MA 02163, USA

Received 13 February 2004; received in revised form 8 September 2004; accepted 20 September 2004

Abstract

Scientists, social scientists and politicians frequently credit basic science with stimulating technological innovation, and with
it economic growth. Despite a substantial body of research investigating this general relationship, relatively little empirical
attention has been given to understanding the mechanisms that might generate this linkage. This paper considers whether more
rapid diffusion of knowledge, brought about by the norm of publication, might account for part of this effect. We identify the
importance of publication by comparing the patterns of citations from future patents to three groups of focal patents: (i) those
that reference scientific (peer-reviewed) publications, (ii) those that reference commercial (non-scientific) publications; and (iii)
those that reference neither. Our analyses strongly implicate publication as an important mechanism for accelerating the rate
of technological innovation: Patents that reference published material, whether peer-reviewed or not, receive more citations,
primarily because their influence diffuses faster in time and space.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Social scientists have long believed that the develop-
ment of science has driven the rapid economic growth
of the Western world. Both de Toqueville (1848) and
Marx (1844), for example, pointed to science as a
key progenitor of technological progress, and concomi-
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tantly of national wealth. At least three distinct lines of
empirical research have offered evidence in support of
this claim: Macroeconomic studies have linked GDP
growth in the United States to higher scientific em-
ployment (Sveikauskas, 1981) as well as to increased
private and public expenditures on research and de-
velopment (e.g., Mansfield, 1972; Adams, 1990).2 At

2 Not all findings, however, have supported such a link. Cross-
national comparisons of the effects of public research on GDP
growth, for example, have found a negative relationship between
the two (Shenhav and Kamens, 1991; Schofer et al., 2000).
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the firm level, management scholars have provided
evidence that high technology companies that adopt
a scientific research orientation (i.e. encouraging the
self-direction of research, conference attendance, and
publication) outperform those that do not (Henderson
and Cockburn, 1994; Gambardella, 1995). And at the
level of the invention, studies examining the number
of future citations received by a patent – considered a
measure of its value – find higher citation rates among
patents originating from university labs (Jaffe and
Trajtenberg, 1996; Mowery and Ziedonis, 2002). By
focusing on the level of the invention, this study builds
most closely on this third line of research.
Within this literature, three broad classes of mech-

anisms have been forwarded as explanations for the
value of science to society.3 One type of argument
claims that science differs from other forms of research
and development in terms of the issues on which it fo-
cuses, with scientists preferring to tackle more funda-
mental problems with a wider range of potential appli-
cations (Henderson et al., 1998;Mowery and Ziedonis,
2002). A second perspective maintains that science en-
hances the process of investigation itself: winner-take-
all rewards to first discovery promote maximal effort
(Merton, 1957; Dasgupta and David, 1994); scientific
norms allow for the effective management of research
activities (Owen-Smith, 2001); and the development of
theories transforms search from trial-and-error learning
to a more directed form of problem solving (Nelson,
1982; cf. Fleming and Sorenson, 2004). On the other
hand, regardless of its influence on the problem solving
process, science might also prove valuable by acceler-
ating the diffusion of knowledge following its discov-
ery. Rather than hoarding knowledge for private gain,
the norm of communism (also referred to as openness)
in science compels discoverers to disseminate it to oth-
ers (Merton, 1942). To the extent that this dissemination
reduces the degree of redundant effort, it too should
increase the efficiency of research activities (Nelson,
1959; Arrow, 1962; Dasgupta and David, 1994).
Despite the large number of studies examining the

general relationship between science, technological

3 We do not explicitly define the practice of science because, as
Merton (1942) noted, it encompasses a variety of norms and prac-
tices. By focusing on one type of behavior associated with science,
that of publication, our analysis attempts to unpack the importance
of this mechanism.

progress and economic growth, relatively little empir-
ical attention has been given to the mechanisms that
educe these effects.4 This paper considers the plau-
sibility of one factor, the norm of publication, as a
link between science and rates of technological inno-
vation. Though the norm of communism encourages
scientists to disseminate knowledge through multiple
channels – including conferences, personal correspon-
dences, and the training of students – one channel
in particular strikes us as unusually important: pub-
lication (Bernal, 1939). Absent publication, much of
the knowledge gained from research remains private
andmust diffuse through interpersonal networks. Since
these social networks typically remain localized in both
physical and social space, transmission occurs most
frequently among those in close proximity, and only
slowly reaches more distant parties. Publication accel-
erates the flow of information by releasing the diffu-
sion process from the limited set of contacts available
through social networks.
To examine whether science accelerates the diffu-

sion of knowledge, this study analyses the forward cita-
tions that patents receive from future patents. We study
citations from these future patents to a set of focal
patents that reference – or do not reference – various
types of published materials. In particular, we compare
three groups of focal patents: those that draw on pub-
lished scientific (peer-reviewed) research, those that re-
fer to other types of (non-scientific) published knowl-
edge, and those that do not reference any non-patent
publications. If the published information on which
some of these patents draws diffuses more rapidly,
we expect: (i) patents referencing either scientific or
non-scientific published sources to receive more cita-
tions than those that do not reference these materials;
(ii) that this citation premium exists even prior to the
granting of the patent; (iii) that this citation premium
should decline over time (as network diffusion sub-
stitutes for communication through publication); and
that patents referencing either type of published ma-

4 A few notable exceptions exist: Owen-Smith (2001), for exam-
ple, in a qualitative study details the ways in which the norms of
science may offer effective organizing principles for research and
development labs. Stern (2004) provides evidence that autonomy in
research direction and the ability to publish may act as an effective
incentive for high caliber researchers. And Fleming and Sorenson
(2004) demonstrate with patent data that science appears particularly
useful when applied to complex and interdependent technologies.
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terial should receive future patent citations from (iv)
more geographically dispersed inventors, and (v) more
socially dispersed inventors, than patents that do not
build on published data.
Our results confirm all of these effects; patents that

reference published materials – whether scholarly or
not – receive more citations, earlier, and frommore ge-
ographically and socially distant inventors, consistent
with the idea that publication accelerates the diffusion
of information. Though these results usefully provide
empirical evidence for the importance of information
diffusion as a mechanism underlying the link between
scientific research and innovation rates, they strike us as
unsurprising. The more intriguing finding is that peer-
reviewed journals do not appear to differ in any way
in their effects on the rate and dispersion of future ci-
tations from commercial publications (e.g., marketing
materials) and non-scientific journals. This fact sug-
gests that the more rapid dissemination of knowledge
may account for not just some, but perhaps even the
largest share, of the apparent value of science in stimu-
lating rates of invention.We discuss this possibility and
its implications in greater depth in the final section.

2. Science, openness, and technological advance

Robert K. Merton, a sociologist, encouraged re-
searchers to consider science as an institution. Through
their training and both positive and negative career in-
centives, scientists internalize a set of values that guides
their behavior. Though Merton (1942) identified sev-
eral central norms in the scientific community – in-
cluding universalism, communism, disinterestedness,
and organized skepticism – this study focuses on the
potential relevance of the norm of ‘communism’ to the
rate of technological advancement, as a result of its
influence on the process of knowledge diffusion.
‘Communism’ refers to the idea that individual

scientists believe that their property rights over discov-
eries extend only to the credit associated with finding
them (Merton, 1942). Other scientists may freely use
knowledge generated by their predecessors as long
as they give tribute to the original discoverer. At first
glance, this normmight appear toweaken the incentives
for innovation. But in fact, scientists receive powerful,
though somewhat indirect, incentives to innovate
because rewards – both in terms of recognition (e.g.,

citations, prizes) and resources (e.g., research grants,
endowed chairs) – in the field invariably accrue to those
that discover things first (Merton, 1957; Dasgupta and
David, 1994). Moreover, the ‘winner-take-all’ nature
of these races for primacy likely engenders particularly
intense competition (Stephan, 1996).
Together, the norm of communism and the incen-

tives surrounding primacy create an intense desire
among scientists to publish research (Merton, 1942).
Publication provides one means of conforming to the
norm of communism, making one’s ideas available to
the scientific community; hence, scientists likely seek
to publish their ideas as a course of habit. In addition to
relaying new ideas to peers, however, publicly dissem-
inating research establishes and allows one to defend
a claim to primacy. Those wishing to garner accolades
and riches in this community must therefore publish
to establish their achievements. Moreover, universi-
ties, research institutions, and even firms engaged in
scientific research typically monitor publications as an
important criterion for promotions, providing further
incentives to publish.
The act of publishing importantly alters the na-

ture of the diffusion process.5 Absent publication,
knowledge must typically pass from researcher to re-
searcher through face-to-face interaction (see Rogers,
1995, for a review). Publication, on the other hand,
involves broadcast diffusion, conveying its informa-
tion to any that can, and choose to, absorb it. To en-
able this shift from network to broadcast diffusion
though, researchersmust frequently codify tacit knowl-
edge (Dasgupta and David, 1994). In enabling this
codification, the institutional characteristics of science
again play an important role: communities of scien-
tists share highly specialized vocabularies and gram-
mars that more readily encode complex information.6
In addition, common bodies of tacit knowledge, dis-
seminated through training and interactions with other

5 In addition to journals, the scientific community has also gener-
ated a wide array of organizations that facilitate the flow of commu-
nication: conferences, departments, academies, etc. These associa-
tions influence the interaction patterns among researchers because
they form conduits that shape the daily activities of researchers. By
forming networks that bridge geographic space, these organizations
also help to expand the range of network diffusion (Sorenson and
Stuart, 2001; Owen-Smith and Powell, 2004).

6 Of course, by their very nature, these specialized languages also
exclude those outside the community (Eamon, 1985; Abbott, 1988).
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scientists, mean that researchers need not fully specify
the information they wish to transmit; rather, they can
rely on readers to fill the gaps (Senker, 1995).
This accelerated diffusion of knowledge through

publication may stimulate the rate of technological in-
novation. Inventors frequently draw on existing knowl-
edge as a baseline for informing their directions of in-
vestigation (Rosenberg, 1990). By making knowledge
freely available, publication opens newly acquired in-
formation to a much wider audience of inventors who
could potentially build on it, allowing the community
to develop technologies more rapidly. It also reduces
the likelihood of duplicated effort (Bernal, 1939; Das-
gupta and David, 1994); researchers can build on the
work of others instead of “reinventing the wheel.” Sci-
entists themselves implicitly recognize the importance
of this cumulative research effort, as one observes in
statements such as Newton’s “If I have seen farther,
it is standing on the shoulders of giants.” In addition,
the codification of knowledge required for publication
may further enhance the usefulness of information by
making it more amenable to the application of search
technologies that reduce the cost of identifying relevant
information, and by ensuring that information survives
its discoverer (Cowan and Foray, 1997).

3. Empirical strategy

To explore whether communication plays a role in
the relationship between science and the rate of tech-
nological innovation, this study examines patents, their
references to non-patent prior art (publications), and
their forward citations (the prior art citations that they
receive from future patents).7 Patents provide awindow
on the generation and diffusion of knowledge through
their references to other materials. They also, however,
should provide a particularly difficult domain in which
to find benefits associated with the public disclosure of
knowledge. The very justification for offering patents,
and the limited term monopolies that they grant, stems
partially from the idea that society benefits from pro-
viding incentives for inventors to disclose the basis

7 Although other researchers have investigated the relationship
between patents and non-patent references, they have typically ex-
plored small samples of references to the scientific literature using
case study methods (for an exception, see Narin et al., 1997).

of their discoveries (Kitch, 1977). And indeed, patent
offices make application materials publicly available
when they award a patent; hence, the patent itself likely
accelerates the diffusion of the knowledge embodied in
it. Our ability to identify an additional effect to publica-
tion therefore depends either on a propensity for inven-
tors to keep some portion of the underlying knowledge
secret, or from the failure of potential inventors tomon-
itor constantly all new patent awards. In the first case,
publications might reveal some of the information not
included in the paper, and in the second, publications
may alert inventors to relevant knowledge available in
patents. Though both seem likely, one should nonethe-
less read our analyses only as relatively conservative
estimates of the importance of publication.
Patents report two types of “prior art”: (i) those ear-

lier patents on which the new invention builds, and (ii)
other materials (e.g., scientific, technical, marketing,
and other publications) that influenced the inventor. In-
ventors have an incentive to minimize these references.
As patents represent a property right, both citations to
other patents and references to prior publications can
potentially reduce the scope of their claims and limit
the effectiveness of any future legal actions defend-
ing them. The patent review process, however, places
a check on the failure to cite prior art; based upon
personal expertise and automated search techniques,
patent examiners add relevant citations to applications
in the review process (Carr, 1995).8
Our analysis assumes that references to both other

patents and non-patent prior art identify cases where
an invention builds, to some extent, on the knowledge
embodied in these sources. We do not claim that these
non-patent references inform other inventors of the fo-
cal inventions themselves; rather, we suspect that both
patents draw on some latent (published or unpublished)

8 Patent examiners appear to have much less influence on the as-
signment of non-patent prior art. In a small sample, Tijssen (2001),
for example, found that most of these references came from the in-
ventors themselves. In a series of interviews with patent holders, we
asked them about why they had included such references. Inventors’
accounts typically focused on two issues: many simply thought of
citing relevant material – whether a patent or a paper – as the “right
thing to do.”A large proportion also felt that these non-patent refer-
ences would add legitimacy to their applications, and hence, increase
the likelihood of their patent being granted. Few, on the other hand,
simply reference their own published papers; in our sample, only 3%
of the inventors also appeared as authors on the non-patent references
that their patents cited.
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Fig. 1. Model of knowledge flows.

body of knowledge. Publication – whether in a peer-
reviewed journal or not – broadens the set of potential
inventors aware of this underlying information, thereby
increasing the pool of individuals able to build on a par-
ticular knowledge base. Fig. 1 illustrates the conceptual
model underlying our analysis. The boxes represent
patents, while the oval denotes a piece of non-patent
(potentially published) knowledge. In cases where
patent 1 builds on published work, other inventors have
access to this knowledge. We expect that this access
increases the likelihood that they build on that knowl-
edge, and hence cite patent 1 (as in the case of patent 2).
One might reasonably question, however, whether

an inventor, such as in patent 2 in the figure, citing a
prior patent (patent 1) actually has awareness of the
non-patent prior art referenced by that prior patent. To
assess the validity of this claim, we surveyed a sample
of patent holders (for sampling details, see Fleming
and Sorenson, 2004). When a patent holder cited prior
patent art that had itself referenced non-patent mate-
rial, we inquired as to their awareness of this non-
patent prior art (i.e., in the figure, we would have asked
the holder of patent 2 of their awareness of the non-
patent references made by patent 1). In response to
the question – “Were you aware of this/these publica-
tion(s) prior to or during the time of the invention?” –
more than half (62%) indicated an awareness of at least
some of the specific references listed on the patents that
they cited.Moreover, when asked about theirmore gen-
eral knowledge, the proportion of inventors noting an
awareness of several similar articles increased to 71%.9

9 Specifically, the question asked: “Were you aware of similar
literature prior to or during the time of the invention (that is, while
you did not read these particular articles, the titles, subjects, authors
and journals look familiar to you)?”.

Hence, for at least a large share of the inventors, our
assumption appears sound.

3.1. Citation rates

How then does drawing on published sources (as
opposed to private knowledge) influence the citations
received by a particular patent?More rapid diffusion, as
a mechanism, suggests that we should look for several
patterns. The most basic evaluation involves looking
simply at the number of citations received by patents
that referenced published research relative to those that
did not. To the extent that diffusion enlarges the pool
of inventors that might potentially build on a piece
of knowledge, publication likely increases the number
of inventors working on closely related technologies.
Hence, onewould expect patents referencing published
research to receive more citations.
On the other hand, these citations might also re-

flect the quality of the underlying knowledge (e.g.,
Trajtenberg, 1990). If scientific methods enhance the
quality of invention, that too could generate a citation
premium for patents that build on scientific research
(Fleming and Sorenson, 2004). We gain purchase on
excluding this second possibility by examining the ef-
fects of two distinct classes of non-patent references.
Patents frequently draw upon knowledge published in
refereed scientific journals, but they also sometimes
reference other types of publishedmaterials (e.g., tech-
nical reports, marketing materials, and non-refereed
sources). Though the higher number of citations re-
ceived by patents drawing on peer-reviewed scientific
articles may stem either from diffusion or from the
higher quality of this knowledge, this potential con-
found does not afflict this second class of non-patent
references. Although these other types of non-refereed
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materials should also enhance the diffusion process,
references to them say little about the quality of the
underlying knowledge. Hence, to the extent that in-
creases in the number of citations arise from the faster
diffusion of knowledge rather than variation in patent
quality, references to both types of published materials
should have similar effects:

H1. Patents that reference either scientific or non-
scientific published material receive more citations
from future patents than those that do not.

We can also make somewhat more nuanced predic-
tions by considering the temporal distribution of these
future citations. As noted above, patents themselves
also disclose information. To some extent, the publica-
tion of the patent therefore acts as a substitute for other
forms of public disclosure. The information embodied
in the patent application, however, does not become
available until the government grants and publishes
the patent.10 This timing effect potentially offers ad-
ditional evidence. If references to published materials
increase the citations received by an invention as a re-
sult of more rapid knowledge diffusion, one would ex-
pect references to published materials to have an even
larger effect on the citations to an invention prior to its
being granted a patent:

H2. References to published materials have an even
larger positive effect on the number of citations re-
ceived by patents prior to their grant dates.

Over time, additional substitutes arise for the broad-
cast diffusion provided by articles. Researchers present
their results at conferences and in seminars. They train
assistants and students who may build on this knowl-
edge base, or who may act as carriers transferring it
to others. Even the movement of information through
interpersonal contact networks, such as through one-
to-one correspondences, meetings, or collaborations,
gradually diffuses knowledge to potential inventors.
Knowledge moreover can travel at an increasing rate
through social networks as those directly aware of the

10 This practice has changed for recent applications. In 2001, the
U.S. Patent and Trademark Office began publishing applications be-
fore deciding whether or not to award a patent. This new policy,
however, does not affect the patents analysed here.

original invention pass it on to their contacts,who trans-
mit it to their associates, and so on. Since all of these
forms of transmission substitute over time for the dif-
fusion of knowledge through publication, we further
expect:

H3. The positive effect on the number of citations re-
ceived by patents referencing published materials, rel-
ative to those that do not, declines over time.

3.2. Citation distribution

In addition to influencing the number of forward
citations, diffusion processes should also affect the
spatial distribution of these citations. When private
information travels through interpersonal ties, it cannot
escape the spatial limitations of the social network;
however, when information becomes publicly avail-
able, its transmission should transcend these bound-
aries, flowing more freely to loosely- or un-connected
individuals. By removing the flow of information
from these constraints, publication should therefore
accelerate the diffusion of ideas through space.
Several studies, beginning with Jaffe et al. (1993)

have demonstrated that patent citations tend to localize
in (geographic) space (cf. Singh, 2004). A compelling
explanation for this effect comes from the literature on
social networks and diffusion. In the absence of broad-
cast channels of diffusion, private and tacit information
flows through interpersonal relations. Two factors con-
tribute to propinquity in the structure of these networks:
First, the likelihood that any two individualsmeet in the
course of their day-to-day activities – thereby having an
opportunity to form a relation – declines rapidly with
distance (Stouffer, 1950; Hawley, 1971; cf. Sorenson
and Stuart, 2001). Second, even when a tie does oc-
cur, the costs of maintaining it increase, as actors must
bridge increasingly wide expanses to interact (Zipf,
1949; Allen, 1977). As a result, the social networks
linking inventors together connect most densely when
these actors reside in close geographic and social prox-
imity to one another (Bossard, 1932; Lazarsfeld and
Merton, 1954), and consequently flows of private and
tacit knowledge remain relatively localized.
By removing the diffusion process from these spa-

tial constraints, publication should accelerate the flow
of information along those dimensions on which social
networks tend to cluster. Our data allow us to examine
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changes in the rate of information dispersal along three
dimensions: geography, organizational boundaries, and
technological communities. Let us first consider the ge-
ographic dimension. Actors in close physical proxim-
ity more frequently share a connection, thanks to their
likelihood of interacting at neighborhood meetings, in
coffee shops, at soccer leagues, school meetings, etc.
(Festinger et al., 1950). The local character of labor
markets also engenders a greater density of social re-
lations among actors within a region, as they meet and
interact in the workplace. These geographically local-
ized social relations facilitate the movement of knowl-
edge within regions, but stymie its flow to more distant
locations. Publication, however, allows information to
escape these networks to reach a broader range of in-
ventors, hence:

H4. Patents that reference either scientific or non-
scientific published material receive citations from
more geographically distant inventors.

Both within and across regions, social relations also
tend to cluster within organizational boundaries. The
coordination of productive activities requires employ-
ees to interact with one another on a regular basis
forming task-based relations – that may nonetheless
carry other types of information. And even purely so-
cial relations arise more commonly within organiza-
tions. Employees of a firm typically occupy common
buildings that engender serendipitous interactions with
others sharing common interests and values that could
lead to lasting social relations (cf. Allen, 1977). More-
over, incentives and social norms reinforce the salience
of these boundaries in knowledge transmission. Even
in cases where social relations do cross firm bound-
aries, in the absence of a common employer, knowl-
edge holders may refuse to transfer their wisdom to
others, thereby trapping private knowledge within the
confines of the organization in which it originated. By
making such information freely available, publication
ought to increase dramatically the likelihood that indi-
viduals outside the firm can access and build upon it:

H5. Patents that reference either scientific or non-
scientific published material more likely receive cita-
tions from inventors outside the firm.

Finally, absent publication, information also tends
to flow primarily within technological domains. On the

one hand, technological domains categorize problems.
One would therefore expect most knowledge to have
relevance to a particular class of technical problems,
and consequently for most citations to cluster within
these boundaries. But these domains also bound com-
munities; university departments, corporate labs, pro-
fessional societies and their meetings frequently orga-
nize around these technological areas. Like firms and
regions, these technological communities also structure
the interactions of the individuals that belong to them,
as researchersmore frequently interact with those tack-
ling similar problems. As a result, even when one com-
munity discovers knowledge that has a direct and ob-
vious application to a problem in another domain, one
would expect it to reach that other domain slowly. Pub-
lication may, however, allow knowledge to cross these
disciplinary boundaries more rapidly; both because it
divorces the information from the constraints of the
social networks, and because the ability to use auto-
mated search technology afforded by codification may
prove particularly valuable across technological com-
munities:

H6. Patents that reference either scientific or non-
scientific published material receive citations from
more technologically distant inventors.

4. Data and analysis

To explore our hypotheses, wemade use of a sample
of utility patents constructed in the course of prior
research (for details, see: Fleming, 2001; Fleming and
Sorenson, 2004). This sample offered several advan-
tages with respect to the research question examined
here: It covers a narrow time range (May–June 1990)
of patents to limit the degree to which time-varying
heterogeneity in the level of activity across fields
influences our results.11 It includes sufficient infor-
mation on forward citations to examine the diffusion
process. And, most important for our present purpose,
a trained researcher had already categorized by type

11 A comparison of our descriptive statistics to those found in
Narin et al. (1997) does not suggest any significant differences
between our sample and their 1987–1988 and 1993–1994 panels.
Hence, we have no reason to believe that this selection limits the
generalizability of our results.
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each of the 16,728 non-patent references appearing in
our sample.12
The researcher sorted these references into seven

mutually exclusive and exhaustive categories (see
Table 1 for the distribution):
Scientific Index journal: These publications appear

in the Scientific Index. The journals in this category
include both the familiar high prestige journals, such
as Science and Physica, and a multitude of more ob-
scure or non-English references – examples in the sam-
ple include Chermetinformatsia and Cryogenic Engi-
neering. Although the quality of the journals indexed
here undoubtedly varies, inclusion in the index denotes
some level of acceptance in the scientific community.
Therefore, we focused on the patents referencing these
journals as representing the fruits of scientific research.
Conference proceedings: Thoughmost of these con-

ference proceedings refer to meetings for the presenta-
tion of scientific research, the standards at these meet-
ingsmaynotmeet those necessary to secure publication
in a peer-reviewed journal. One example of this type
of reference appears in patent 4,922,432, which cites a
paper entitled “The CMU design automation system –
an example of automated data path design,” in the Pro-
ceedings of the 16th Design Automation Conference.
Automated data path design appeared many years ear-
lier in an engineering textbook (Mead and Conway,
1980); hence, the paper might fail the peer review pro-
cess of a journal for lack of novelty.
Technical report: Most of the items in this cate-

gory refer to research institute publications, such as the
Battelle Institute’s “Final Report onHigh-Performance
Fibers II, An International Evaluation to Group Mem-
ber Companies.”
Corporate publication – technical: Corporate tech-

nical publications typically refer to product specifica-
tions or schematics. Technical Bulletin BH183 (series)
by Howell Instruments Inc. of Fort Worth, TX, U.S.A.,
“3”-Dia. Digital Indicators”, provides an example of
one in our data.

12 One individual coded the entire sample. She began by compar-
ing every reference to journals listed in the Scientific Index. She then
proceeded based on the descriptions below. To assess the clarity and
reliability of this classification schema, a second coder independently
assigned a random sample of 100 references to these categories. The
second coder agreed with the first on 96% of these cases. Given
the consistency across independent coders, the classification scheme
appears to identify distinct and meaningful categories.

Book: Although the book once represented the
primarymechanism for disseminating scientific knowl-
edge, academics – especially those in the physical
and biological sciences – have increasingly turned to
journal articles as the preferred outlet for publishing re-
search (Bazerman, 1988). Moreover, books face vary-
ing standards for publication depending on the imprint
and market. Several books also appear simply to pro-
vide references for establishing facts. Titles in this sam-
ple include Epoxy Resins, Kenkyuska’s New Japanese-
English Dictionary, and Oils, Fats and Fatty Foods.
Corporate publication – non-technical: This cate-

gory typically refers tomarketing literature. Obviously,
these publications do not aspire to the pretense of pre-
senting technical, or even accurate, information. Some
examples in our data include: “The Complete Guide
to Roof Windows and Skylights”, the Starrett Product
Catalog and an advertisement entitled “Antec-Screen
Printing Equipment Engineered for the Hands”.
Non-index journal: This category subsumes all

periodicals that do not appear in the Scientific Index.
In practice, it contains popular magazines and industry
newsletters, such as Concrete and Cement Age, Guns
and Ammo and the Harvard Business Review, which
do not ascribe to the standards of scientific research
journals.
Some patents reference more than one type of lit-

erature. Table 2 reports the frequency with which two
of these types of non-patent references appeared on
the same patent. Scientific Index journals, conference
proceedings and technical reports cluster together, sug-
gesting a similarity between these sources in the infor-
mation they carry.13 Consistent with what one would
expect if these sources reflect the influence of science,
these materials also tend to appear on patents assigned
to universities. By comparison, non-technical corpo-
rate materials and non-index journals, while clustering
together, rarely appear on university patents.
To discriminate between publication and the effects

of other mechanisms that might associate science with
the rate of technological innovation, we compared
citation patterns across patents that reference these
various sources. Patents that reference journals in the

13 In an unreported analysis, we used all three types of references
as indicators of science, as opposed to only those from journals in
the Scientific Index. Doing so did not substantively change any of the
results.
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Table 1
Publication types, frequency and future citationsa

Publication type Total patents Percent of sample Average citations

5 year 10 year

University assignees 245 1.4 5.04* 9.67*
Scientific Index journal 3118 18.1 4.86* 8.77*
Conference proceedings 483 2.8 5.85* 11.46*
Technical report 334 1.9 4.95* 10.17*
Corporate publication–technical orientation 337 2.0 5.57* 11.35*
Book 922 5.3 4.16* 7.86*
Corporate publication–non-technical 711 4.1 4.52* 8.41*
Non-index journal 298 1.7 5.00* 10.75*
No references to publications 12,769 74.0 3.57 6.17

a 17,264 patents; the total across all categories exceeds this number because many patents reference more than one type of non-patent prior
art.

∗ Indicates a mean significantly different from the baseline, patents without references to publications, at the p< 0.01 level.

Table 2
Co-occurrence matrixa

Patent category

2 3 4 5 6 7 8

1. University 151* (3.4) 29* (4.2) 30* (6.4) 7(1.4) 47* (3.6) 9 (0.9) 7 (1.7)
2. Scientific Index 345* (4.0) 194* (3.2) 177* (2.9) 538* (3.2) 131 (1.0) 142 (2.6)
3. Conference proceedings 75* (8.0) 61* (6.5) 116* (4.5) 35 (1.8) 38* (4.6)
4. Technical report 42* (6.4) 99* (5.6) 30 (2.2) 28* (4.9)
5. Corporate technical 79* (4.4) 71* (5.1) 37*(6.4)
6. Book 59 (1.6) 60* (3.8)
7. Corporate non-technical 54* (4.4)
8. Non-index

a Each cell reports the number of patents with non-patent references to more than one type of material. For example, the number in the upper
left cell indicates that 151 of the patents assigned to universities referenced a paper in a journal listed in the Scientific Index. The number in
parentheses shows the ratio of actual co-occurrences to those expected by a random distribution (e.g., patents with university assignees reference
conference proceedings 4.2 times as often as the average patent).

∗ Indicates a cell count significantly different from the marginal distribution at the p< 0.01 level.

Scientific Index draw from published materials, but
this peer-reviewed research may differ in multiple
ways from other sources of knowledge. We therefore
compared the distribution of their citations to those of
patents that reference publications that clearly do not
arise from scientific research: non-index journals and
corporate non-technical publications. We examined
the effects of these references on two dependent
variables: (i) the number of citations received, and (ii)
their distribution in space.

4.1. Citation rates

Webegan by considering simplemean citation rates.
For each patent in the sample, we tracked all future

patents that cite it through two time periods: the end of
June 1995 (5 years following the sample grant dates),
and the end of June 2000 (10 years following the sam-
ple grant date). Prior research suggests that most of
the information available in forward citations appears
in the first 5 years (Trajtenberg, 1990; Lanjouw and
Schankerman, 2004). In both cases, we assigned citing
patents to periods according to their application dates.
Table 1 reports the average number of citations

received depending on the type of materials refer-
enced by the patent. Patents referencing scientific (i.e.
peer-reviewed) literature received more citations than
patents that do not cite any non-patent references.14
On average, these patents received 4.86 citations in
the 5 years (or 8.77 in 10 years) following their grant-
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Table 3
Variables in models of citation counts

Full sample Science Corp non-tech Non-index journal

Mean S.D. Mean Mean Mean

Citations (5 year window) 3.84 4.94 4.86 4.52 5.00
(without self cites) 3.25 4.19 4.37 4.06 4.35

University assignee 0.01 0.12 0.05 0.01 0.02
Scientific index 0.65 2.52 3.61 0.64 2.78
(dummy coding) 0.18 0.38 1 0.18 0.47

Corporate non-technical 0.09 0.64 0.09 2.10 0.47
(dummy coding) 0.04 0.20 0.04 1 0.18

Non-index journal 0.03 0.25 0.08 0.13 1.55
(dummy coding) 0.02 0.13 0.05 0.08 1

Recent technological area 3.96 0.65 4.17 3.79 3.87
% NPR in subclass 0.21 0.22 0.45 0.25 0.35
Activity control 1.19 0.41 1.27 1.20 1.22
Number of classes 1.78 0.95 1.90 1.79 1.84
Number of subclasses 4.21 3.31 4.97 4.41 4.77
Number of backward cites 7.63 6.99 7.90 12.88 12.14

ing versus the 3.57 (6.17) citations received by patents
that do not reference published sources, a premium of
36% (42%). Though patents referencing scientific ar-
ticles received more cites, consistent with H1, every
other form of publication also appears to accord the
patents that reference it an increase in forward cita-
tions. Someof these categories, such as conference pro-
ceedings, also confound publication with other mech-
anisms that differentiate science from non-science, but
at least two types of publications – the corporate non-
technical and non-index journals – provide clean mea-
sures of the effects of publication. Patents that reference
non-technical corporate publications received 4.52 ci-
tations on average, a 27%premium,while those that re-
fer to non-index journals received five citations – 40%
more than patents that do not reference any publica-
tions. Moreover, t-tests could not reject the possibility
that Scientific Index, corporate non-technical and non-
index journals all have equivalent effects on the future
citations received by the patents that reference them.
The results suggest that building upon publicly

available knowledge raises future citation rates, but

14 Although we focused on citations to non-patent references to
test our hypotheses, to ease the comparison of our results to prior
research (e.g., Henderson et al., 1998; Mowery and Ziedonis, 2002),
we have also noted whether the patent comes from a university. As
in earlier studies, universities received more citations to their patents
than other assignees. Universities, however, accounted for only a
small number of the patents citing the scientific literature (university
patents also did not uniformly cite scientific articles; see Table 2).

these averages do not account for other factors that
might distinguish patents that arise from science-based
research from those that do not. To control for other
sources of heterogeneity, we modeled the number of
citations each of our 17,264 patents received using neg-
ative binomial regression.15 The models included sev-
eral important control variables. University assignee
denotes those patents that belong to universities. It
presumably controls to some degree for other ways
in which academic research may differ from science-
based research taking place outside of universities.
Since inventions vary in their proximity to the tech-
nological frontier, we included recent technical area –
the average of the patent numbers of the focal patent’s
prior art (higher numbers indicate more recent tech-
nology) – as a control.16 An activity control, the num-
ber of citations a patent will likely receive conditional
on its class memberships, accounted for differences
in citation patterns across technological domains.17

15 Because counts, such as the number of future citations, can-
not fall below zero, linear regression can yield inefficient and biased
coefficient estimates. Although researchers often use Poisson regres-
sion to model count data, our sample violates the assumption of a
one-to-onemean/variance ratio,making the negative binomial amore
appropriate specification (Cameron and Trivedi, 1986).
16 This variable makes use of the fact that the USPTO assigns

patent numbers sequentially. This assignment pattern means that the
patent numbers correlate at .98 to the time since grant date in days.
17 The USPTO classifies patents into one or more of roughly 400

technological classes. If all patents fell into a single class, we could
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Table 4
Correlation matrix for variables in models of citation counts

2 3 4 5 6 7 8 9 10 11 12

1. Cites (5 year window) 0.94 0.02 0.10 0.03 0.04 0.21 0.10 0.30 0.07 0.11 0.12
2. Cites (5 year window, no self cite) 0.03 0.08 0.04 0.04 0.18 0.09 0.29 0.07 0.10 0.10
3. University assignee 0.13 0.01 −0.00 0.04 0.15 0.01 0.03 0.02 −0.00
4. Scientific Index (dummy coding) 0.11 0.00 0.15 0.50 0.10 0.05 0.10 0.04
5. Non-index journal (dummy coding) 0.09 −0.02 0.08 0.01 0.01 0.02 0.09
6. Corporate non-technical (dummy) −0.06 0.04 0.00 0.00 0.01 0.16
7. Recent technological area 0.28 0.38 0.04 0.07 −0.16
8. NPR in subclass (%) 0.20 0.08 0.13 −0.07
9. Activity control −0.02 0.02 0.01
10. Number of classes 0.52 0.07
11. Number of subclasses 0.09
12. Number of backward cites

The models also included controls for the number of
classes and the number of subclasses into which the
patent falls. Patents assigned to multiple classes may
apply to a broader range of technologies, thereby ex-
panding the number of future patents that might cite
them. The number of backward citations also entered
the models; patents that cite more prior art may de-
scribe more incremental inventions (Podolny and Stu-
art, 1995). Tables 3 and 4 describe the variables used
in the count models.
Table 5 presents the results of these regressions.

Model 1, which included only the controls, interest-
ingly reveals that university assignees received 51%
more (non-self) citations than similar patents from
other types of institutions.18 The secondmodel added a
dummy for having at least one reference to an article in
the Scientific Index.19 Patents referencing one of these
papers received 19% more citations on average from

simply use fixed effects for each class; however, most patents (92%)
fall into more than one class. Therefore, this amounts to a weighted
mixture of the expected number of citations for a particular class
based on citation activity from 1985 to 1990 (see Fleming, 2001, for
details).
18 The multiplicative specification of the negative binomial model

makes multiplier rates (i.e. percentage changes) – obtained by taking
the exponential of the coefficient estimate – the most intuitive means
of assessing effect magnitude.
19 Unreported models used the count of the number of publica-

tions referenced as a covariate. These models produced substantially
identical results. We reported the models using the dummy coding
for two reasons: (i) additional publications have little incremental
effect; and (ii) the counts differ substantially across types of publi-
cations making it difficult to compare the coefficient estimates of the
models with article counts.

other assignees. And after accounting for the effects
of these publications, the citation premium enjoyed by
university patents declined by 24%. Model 3 incor-
porated dummy variables to account for references to
non-index journals and corporate non-technical publi-
cations. Consistent with our expectations, references
to these publications predicted similar increases in
forward citations: a reference to either a corporate
non-technical publication or a non-science journal in-
creased the expected citations from other assignees by
16%. t-Tests, in fact, indicate that we could not re-
ject the possibility that all three types of publications
generated the same size effect. The results therefore
strongly support H1; if mechanisms other than publi-
cation accounted for a portion of the citation premium
associated with the application of science, one would
have expected patents referencing science to have had
a larger coefficient than those referencing other types
of publications.
We added two variables in model 4: An interac-

tion between references to science and university as-
signee tested whether references to peer-reviewed pub-
lications had a different effect when they came from
academic institutions. The insignificant coefficient es-
timate suggests that they did not; references to publi-
cations had equivalent effects for both academic and
non-academic patent holders. The second variable al-
lowed us to consider the degree to which technologi-
cal domains might vary in systematic ways in the de-
gree to which inventors draw on published materials
(e.g., Fleming andSorenson, 2004). To control for these
effects, we created a variable, proportion referencing
NPR (non-patent references) in subclass, using the 5
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years of patents preceding the sample (1985–1990).
This measure records the number of patents in the
same subclass as the focal patent that included any
non-patent references, divided by the total number of
patents in that subclass. The results remained robust
to the inclusion of this measure, though the estimates
from model 5 – which replicated the results for all ci-
tations (i.e. including self-citations) – indicate that re-
search areas in which science plays an active role have
an unusually low-level of self-citation (consistent with
H5). This result suggests that using measures exclud-
ing self-citations to assess spillovers biases analysis in
favor of universities, where much of the work devel-
oping a technology for market may occur at the behest
of a licensed party (outside the university). Though not
reported here, this general pattern remained robust to
a wide variety of specifications: using 10-year counts
of citations for the dependent variable; including self-
citations in the dependent variable; and estimatingwith
patent class or firm-level fixed effects.
Table 6 delves into the timing of these effects.Model

6 offers what one might consider the acid test for dif-
fusion. The dependent variable included only those
patents whose application dates preceded the grant
date of the patent they cited. In other words, the fu-
ture patent cited the focal patent before the focal patent
application had been granted and published. The is-
suance of the patent itself therefore could not account
for the transmission of information across inventors.
It also excluded self-citations. Even under these care-
fully controlled conditions, references to any type of
published literature significantly increased the number
of citations received (though for non-refereed articles
only at the p< 0.10 level). Moreover, consistent with
H2, references to Scientific Index articles had an even
larger effect on future citations before the granting and
publication of the patent (t-test = 2.68, relative tomodel
3).20 In model 7, we investigated this effect further by
including a (logged) count of the total number of non-
patent references in addition to the dummy variables
for the three types of principal interest.21 The results
again suggest that the three publication types do not
vary in how they influence forward citations.

20 To compare coefficients acrossmodels, we assume that the coef-
ficients come from independent distributions with means at the point
estimate and a standard error equivalent to that of the estimates.
21 We added a constant of one to avoid taking the log of zero.
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Models 8 through 10 split forward citations into
three groups according to their application date: ≤1
year, 1–3 years, and 3–5 years after the grant date of the
patent they cite. Because the publication types do not
appear to matter (model 7), and because the cell counts
become small as we split the time periods, we used the
logged count of non-patent references to investigate the
timing effects. As expected in H3, the magnitude of the
citation premiums accorded to patents referencing pub-
lished literature declined from the first year following
the grant date to later years. Though one might worry
that the temporal distribution of patent cites drives this
result, this seems quite unlikely as the decline in the
magnitude of the publication effect occurs within the
range of the data with an increasing unconditional cita-
tion rate. t-Tests, however, indicated that we could not
reject the possibility that the premiums do not decline
over time.

4.2. Citation distribution

To analyse the diffusion of citations in geographic
and social space, we modeled the probability that a fu-
ture patent cites a given focal patent as a function of
distance, publication, and a variety of control variables.
Dyads of future patents and focal patents thus became
the unit of analysis. To avoid the potential problems
associated with estimating non-independent cases, we
assembled the data for this analysis using a matched
sample design; in other words, we paired a set of fu-
ture patents that cited our focal patents with a second
set that did not.22 Our sample included all 60,999 ci-
tations that actually occurred in our sample of 17,264
patents. In addition, we matched each of the 17,264
focal patents with four future patents that did not cite
it (but that could have).23 Though this generated a data
set of 130,055 dyads, our analyses restricted the sam-
ple used for estimation to the 72,801 cases, where both
inventors resided in the U.S. (the findings nonethe-
less remained robust to the inclusion of foreign inven-
tors).

22 Estimating results on a complete matrix of possible dyads
can contribute to network autocorrelation and inefficient estimates
(Sorenson and Stuart, 2001).
23 We chose four patents for the ‘control’ group, so that the sample

would have a roughly equal proportion of realized and unrealized
dyads. To address the fact that focal patents enter the data more than
once, we report robust standard errors.
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To account properly for the effects of the sampling
procedure, our estimations employed the rare events lo-
gistic regression method suggested by King and Zeng
(2001) (2001; cf. Sorenson and Stuart, 2001). Logistic
regression can yield biased estimates when the propor-
tion of positive outcomes (citations in this case) in the
sample does not match the proportion in the popula-
tion. Our matching procedure, for example, generated
a sample with a higher proportion of citations than
found in the population as a whole. As a result, un-
corrected logistic regression would underestimate the
factors that predict a positive outcome (King and Zeng,
2001).24
The analysis of dispersion requires measures of dis-

tance. All patents list the home address of the inven-
tor on the front page of the patent application. To lo-
cate inventors, we matched the inventors’ three-digit
zip codes to the latitude and longitude of the centers of
the areas inwhich they lived based on information from
the U.S. Postal Service.25 We calculated the distance
between two points using spherical geometry; taking
the natural log of this value accounted for the fact that
the relevance of a mile declines with distance.
One could also think of distance in the technological

sense. To create a measure of the distance between two
patents in technological space, we calculated the over-
lap in subclass assignments between each focal patent,
i, and each potentially citing patent, j:

oij = 1−
si · sj

|si|
,

where s represents a vector of subclass assignments,
with each cell being a binary indicator variable ofmem-
bership in a subclass (i.e. 1 denoting assignment to the

24 King and Zeng (2001) demonstrate that the following ex-
pression describes the bias in β generated by estimating logis-
tic regression on a sample with an oversampling of rare events:
bias(β̂) = (X′WX)−1 X′Wξ, where ξ = 0.5Qii[(1+ w1)π̂i − w1],
the Q are the diagonal elements of Q = X(X′WX)−1X′, W =
diag {π̂i(1− π̂i)wi} , and w1 represents the fraction of ones (cita-
tions) in the sample relative to the fraction in the population.
25 The USPTO includes five-digit zip information, but we chose to

reduce the measurement error by using cleaned data. CHI, an infor-
mationprovider, has called everypatent holder to verify the inventor’s
location; however, it only records this information at the three-digit
level. Where the patent lists more than one inventor, we assigned a
location using the residence of the first inventor listed. Models where
we randomly selected a location from the listed inventors, however,
yielded equivalent results.

subclass). The measure ranges from 0 to 1, with larger
values representing more distant technologies.
In addition to the distance measures and the con-

trol variables used in the negative binomial models,
the citation probability models included several ad-
ditional controls. Same assignee essentially indicates
self-citations. Same zip takes a value of one when the
inventors of both patents reside within the same three-
digit zip code. Same class denotes dyads where both
patents belong to the same primary class. And time
(application date)measures the difference in years be-
tween the grant date of the focal patent and the appli-
cation date of the potentially citing patent.
The results of these regressions appear in

Tables 7 and 8. The first column (model 11) simply
shows that both patents from universities and those
that reference articles from journals in the Scientific
Index have a higher probability of receiving a citation
from any future patent. Models 12 and 13 investigated
the dispersion of these cites across both geographic
and technological space by interacting Scientific Index
with both of the distance measures. Including terms
to account for the distance dramatically improved the
model; all of the coefficients imply that proximity in-
creases the likelihood that a future patent cites the focal
patent. As we expected, references to the scientific lit-
erature reduce this localization: patents referencing a
Scientific Index article (i) more likely received citations
from geographically distant patents (in support of H4),
(ii)more commonly escaped organizational boundaries
(consistent with H5), and (iii) more frequently received
citations from technologically remote patents (as pre-
dicted in H6).
The magnitude of these effects appears quite sub-

stantial. One cannot easily interpret coefficients in iso-
lation in logistic regression because their effects change
depending on the levels of the other variables. Our cal-
culations estimated the effect of changing publication
and distance, setting all other variables to their mean
levels across the population analysed. The relative risk
that a forward patent cited the focal patent declined by
88% from a location just outside the focal patent’s zip
code to one 2000 miles away, if a patent references no
publications. For patents referencing Scientific Index
publications, however, the change in relative risk over
the same distance dropped to 44%.With regard to tech-
nological distance, the relative risk of citation dropped
by 98% from a future patent with complete overlap
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Table 7
Rare events logit models of the likelihood of a focal patent receiving a citation from a future patenta

Model 11 Model 12 Model 13 Model 14

Scientific Index (dummy) 0.307** (0.019) −0.354 (0.355) −0.899* (0.428) −4.38** (0.528)
Scientific Index X log (distance) 0.206** (0.072) 0.451** (0.079) 4.03** (0.152)
Scientific Index X log (distance) X time −0.813** (0.031)
Scientific Index X subclass overlap 2.00** (0.831) 4.38** (0.708) 8.02** (0.716)
Scientific Index X subclass overlap X time −0.312** (0.096)
Scientific Index X same assignee −1.80** (0.372) −1.30** (0.463)
University assignee 0.252** (0.057) −0.514* (0.261) −1.42** (0.296) −5.01** (0.366)
Log (distance) −0.203** (0.053) −0.173** (0.062) −0.029 (0.064)
Subclass overlap −4.09** (0.396) −3.85** (0.298) −3.70** (0.300)
Same assignee 0.503** (0.124) 0.516** (0.143) 0.283 (0.165)
Same zip 2.49** (0.487) 3.11** (0.426) 1.60* (0.824)
Same class 4.33** (0.416) 4.57** (0.260) 4.64** (0.455)
Activity control 0.914** (0.343) 0.841* (0.364)
Number of classes 0.261** (0.101) 0.177 (0.096)
Number of subclasses −0.109** (0.037) −0.208** (0.037)
Number of backward citations −0.011 (0.021) −0.036 (0.020)
Recent technological area 0.275 (0.153) 0.570** (0.135)
Time (application date) 0.312** (0.096)
Constant −10.5** (0.008) −9.03** (0.342) −12.6* (0.530) −14.4** (0.632)

Log-likelihood −50097.5 −14068.3 −13279.2 −9497.7

a 76,807 cases, 51.7% represent ties (vs. 0.00059% in population).
∗ p≤ 0.05.

∗∗ p≤ 0.01; S.E. shown in parentheses.

Table 8
Rare events logit models of the likelihood of a focal patent receiving a citation from a future patenta

Model 15 Model 16

Non-index journal (dummy) −6.98** (0.791)
Non-index X log (distance) 1.16** (0.119)
Non-index X different class 3.21** (1.29)
Corporate non-technical (dummy) 0.836** (0.306)
Corporate non-technical X log (distance) 0.134** (0.035)
Corporate non-technical X subclass overlap 3.59** (0.835)
University assignee −0.260 (0.347) −0.207 (0.359)
Log (distance) −0.252** (0.073) −0.246** (0.074)
Subclass overlap −3.61** (0.310) −3.76** (0.316)
Same assignee 0.401* (0.170) 1.11** (0.165)
Same zip 2.55** (0.485) 2.58** (0.495)
Same class 4.32** (0.308) 4.22** (0.306)
Activity control 0.766** (0.351) 0.712** (0.354)
Number of classes 0.166 (0.189) 0.212 (0.187)
Number of subclasses −0.045 (0.079) −0.085 (0.072)
Number of backward citations −0.011 (0.019) −0.022 (0.019)
Recent technological area 0.057 (0.192) 0.229 (0.193)
Constant −10.9** (0.938) −11.4** (0.928)
Log-likelihood −9944.6 −9944.7

a 76,807 cases, 51.7% represent ties (vs. 0.00059% in population).
∗ p≤ 0.05.

∗∗ p≤ 0.01; S.E. shown in parentheses.
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in subclass assignments to one with no overlap, a ratio
that declined to 85% for focal patents referencing a Sci-
entific Index journal. And with respect to firm bound-
aries, the relative risk of citation actually shifted from
predicting a higher rate of self-citation, for patents that
do not reference non-patent materials, to favoring cita-
tions from outside the firm for focal patents referencing
a Scientific Index publication.
Time also plays an important role in diffusion pro-

cesses. To test H3 further, we interacted the interactions
between a Scientific Index reference and distance with
time (model 14). The estimates revealed that the degree
to which references to published material increased
the likelihood of citation from distant sources declined
over time, as one would expect if other mechanisms
gradually substitute for published communication. In
fact, the estimates suggest that after 5 years references
to scientific material no longer increase the likelihood
of citation from geographically distant patents. Sim-
ilarly, the degree to which these references enhance
citations across technological distance declines to zero
after 25 years (though one should view this calculation
with caution as it lies well outside the range of the data
used to estimate it). The dyadic analysis thus supported
H3.
Table 8 shows that similar patterns of results held for

non-technical corporate publications and non-refereed
journals. Consistent with the idea that publication, as
opposed to other mechanisms, generates the link be-
tween science and the rate of technological innovation,
these other types of publications also sped the diffusion
of citations across space – supporting H4, H5 and H6.

5. Discussion

Our results support the idea that at least a por-
tion of the citation premium accorded to science-
and university-based patents stems from the fact that
they draw on publicly available knowledge. Although
patents from universities and those that make refer-
ence to scientific publications receive more citations
than those that do not reference non-patent material,
patents that reference any type of publication – includ-
ing items such as popular magazines and marketing
materials – exhibit a similarly large number of citations
from future patents. Hence, the number of citations re-
ceived by patents referencing the scientific literature

appears to reflect the fact that these references indicate
a broad dissemination of knowledge through publica-
tion. The spatial distribution of these future citations
further supports this conclusion. Patents making refer-
ence to publications more frequently receive citations
from geographically distant inventors, from inventors
outside the firm, and from those operating in differ-
ent technological areas. Together these results provide
strong evidence for the notion that science accelerates
innovation because its norms of openness and publica-
tion speed the diffusion of knowledge.
One might reasonably ask, however, just how much

of the value of science we can attribute to the more
rapid dissemination of knowledge. Two results from
our analysis point to a rather large effect. First, when
comparing the differences in forward citations associ-
ated with different types of non-patent references, we
could not reject the hypothesis that all types of publica-
tions generated the same level of effects. To the extent
that peer-reviewed publications capture other mecha-
nisms, such as differences in the problem solving pro-
cess, our results suggest that the importance of these
other mechanisms pales in comparison to the benefits
garnered from faster information diffusion. Second, in
our analyses of citation dispersion, the main effect of
references to Scientific Index articles turns negative af-
ter accounting for social and geographic distance. A
direct interpretation suggests that in the absence of dif-
fusion, these inventions would have produced fewer
forward citations – and presumably less societal value
– than patents building on scientific research.26 Though
the magnitude of these results may seem surprising,
they correspond to those derived from other identifi-
cation strategies: Reitzig (2004), for example, using
a structural estimation approach, which allows him to
distinguish between technical value (novelty) and non-
technical market value, finds no evidence that non-
patent references indicate either higher technical or
higher non-technical value.
Although we believe that the results strongly im-

plicate communication as a factor in linking science
to the rate of technical innovation, some alternative
explanations warrant consideration. The most obvious
concerns the possibility that publications might reflect

26 Of course, the winner-take-all nature of patent races makes it
difficult to interpret themain effects from the diffusion analysis, since
they reflect the distribution of future activity rather than the rate.
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higher quality inventions (despite Reitzig’s, 2004, evi-
dence to the contrary). Though onemight expect higher
quality inventions to also receive a larger number of
citations, this explanation fails to explain the broader
pattern of results. First, one would need to believe that
both refereed articles as well as all other types of pub-
lications reflect higher quality. Though possible, the
story behind such a relationship would probably claim
that patent holders who have a better sense of the value
of their inventions more likely publicize them. That ac-
count nevertheless appears unlikely here for two rea-
sons: (i) few of the inventors reference their own pub-
lished materials (about 3%); and (ii) publications de-
crease the likelihood of self-citation (but certainly if
patent holders recognized the value of these inventions
they would build on them themselves). Even if one ac-
cepts that all types of publications might reflect differ-
ences in value, one must still construct a story for why
that value should localize in space; variations in the rate
at which citations move across geographic and social
boundaries fits with a diffusion-based account, but not
with one that argues for quality differences across these
patents.
Others contend that science differs in the type of

knowledge it produces, rather than on some hierarchi-
cal dimension of quality. The diffusion effects may ac-
count for this claim aswell. Henderson et al. (1998), for
example, argue that universities produce patents that
differ from industry-based research in the generality
of the knowledge generated; in other words, univer-
sity research applies to a broader range of inventions.
Their evidence for this difference comes from the num-
ber of future citations patents receive outside of their
own technological class. Differences in the diffusion of
knowledge would generate the same pattern of effects:
Networks localize in social space as well as geographic
space; researchers more likely know other researchers
within their own field. Information traveling through
social networks therefore diffuses slowly across tech-
nological fields. Publication removes the dissemination
of knowledge from the constraints of these networks,
thereby increasing the flow of information across tech-
nological fields much as it does across geographic
space (H6), an expectation supported by the citation
distribution analysis.
Ourfindingsmore generally suggest that researchers

should use citation counts as a dependent variable with
particular caution.Many studies have found a strong re-

lationship between forward citations and patent value
(e.g., Trajtenberg, 1990; Lanjouw and Schankerman,
2004; Reitzig, 2004). Uniformly, however, value ex-
plains only a fraction of the variance in cumulative ci-
tations in these studies. Though other factors also likely
play a role, our results demonstrate that communication
differentials account for a portion of this unexplained
variance. Therefore, though we would agree that, on
average, future citations correlate with the value of an
invention, our findings indicate that people should ex-
ercise substantial care when drawing conclusions in
the opposite direction: that factors that increase future
citations imply higher value.
A third potential alternative might account for our

geographic diffusion findings.When citations localize,
two factors could explain it: On the one hand, informa-
tion might diffuse slowly from its place of origin as
it moves through (highly localized) social networks.
On the other hand, citations might cluster simply be-
cause everyone researching the problem resides in a
concentrated geographic area (Jaffe et al., 1993). We
addressed this issue in three ways. First, we created
a distance control by averaging the mean distance be-
tween all dyadic pairs within a class. The inclusion of
this term did not affect the interaction terms between
publication and spatial distance. Second, we estimated
a set of (unreported) models predicting the distance be-
tween citing and cited patent including fixed-effects by
class to capture differences in the distribution of activ-
ity. These models also found that patents referencing
published sources received cites from more distant in-
ventors. Third, we generated a sample using the same
methodology as Jaffe et al. (1993) and estimated the
probability of within region citations; the results again
revealed that references to published materials reduced
the degree of localization (by thismethod, a journal ref-
erence decreased the probability of a citationwithin the
same three-digit zip by 12% and within the same state
by 14% – both effects significant at p< .001). Though
technological fields vary in their geographic distribu-
tion of activity, these differences do not appear to ex-
plain our results.
Our findings speak to a range of policy implications.

At the firm level, for example, the fact that publication
extends the flow of knowledge offers interesting in-
sight into the burgeoning literature on the growing use
of science in for-profit organizations. These studies fre-
quently argue that firms that adopt the norms of science
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experience superior performance compared to those
that do not (e.g., Henderson and Cockburn, 1994). Al-
though many of these studies intimate that science im-
proves research quality, our results point instead to two
alternative explanations: on the one hand, our findings
appear to complement recent work by Stern (2004),
which argues that firms benefit by promoting science
not because it improves theR&Dprocess, but rather be-
cause talented employees desire the ability to publish
(allowing firms to pay lower wages). Another possi-
ble explanation stems from the fact that publication re-
duces the constraints of location. Firms must typically
locate near to critical information resources because ac-
cess to them comes through spatially constrained social
networks (Sorenson and Stuart, 2001). By drawing in-
formation from published sources, however, firms that
do science-based research may gain flexibility in loca-
tion, allowing them to avoid labor market competition
by locating facilities far from rivals. Like Stern (2004),
this possibility points to reductions in labor costs, as
well as potentially in spillovers of private knowledge,
as the advantages of adopting a scientific orientation.
From a public policy point of view, our results affirm

the importance of public disclosure. As noted above,
much of the societal benefit to science-based research
in our analysis appears to stem from the dissemination
of information. The rapid diffusion of knowledge can
improve the efficiency of research investments by re-
ducing the degree of effort duplication. To the extent
that this reduction in overlapping research activities
stimulates innovation rates (and potentially economic
growth), public funding sources should consider re-
quiring timely publication of the results of the research
projects they support to maximize societal benefits.
More broadly, the importance of openness also points
to the potential value of promoting other mechanisms
that facilitate the availability of information. Data cen-
ters that provide access to the raw data underlying anal-
yses, for instance, may reduce the costs of replicating
and building upon prior results (King, 1995). Similarly,
resource centers containing the physical artifacts of re-
search might further stimulate the diffusion of knowl-
edge in cases where a portion of that knowledge eludes
codification. Furman and Stern (2004), for example,
find that the donation ofmaterials to biological resource
centers dramatically increases (more than doubles) the
pace of research examining these organisms. Such poli-
cies, moreover, may become increasingly important as

scientists and universities become more and more in-
terested in garnering commercial gains, in addition to
(or even in lieu of) academic accolades, from research.
The importance of openness also points to a poten-

tial dark side to the increasingly strong linkage between
industry and science. Over the past two decades, for-
profit firms have increasingly substituted for public in-
stitutions as a source of financial backing for academic
research (now estimated at 20–25%, Behrens andGray,
2001). Though some have hailed this trend as positive,
bringing the discipline of the market to the allocation
of research funds and encouraging academics to con-
sider more applied technological problems, it seems
likely that industrial sponsors may also seek to restrict
access to the research that they support in the hopes of
appropriating the potential rewards – maximizing firm
profitability, but not necessarily public welfare (wit-
ness the current debate over the disclosure of negative
clinical trial results for pharmaceuticals). Future work
therefore should consider this issue carefully as the im-
portance of openness may justify legislation or shifting
the balance back toward greater public sponsorship of
academic research.
Although the belief that science promotes economic

growth plays an important role both in the allocation
of resources to science and to its status in society, we
lack a clear understanding of both the accuracy of this
belief and the mechanisms underlying the relationship.
Do scientists actually generatemore useful knowledge?
This paper takes one step toward resolving this ambi-
guity by demonstrating that science appears to benefit
technological innovation to a large extent by expanding
the flow of information in geographic and social space.
This acceleration of the diffusion process occurs be-
cause incentives within the scientific community en-
courage scientists to publish their research, thereby
making the information publicly available. In the ab-
sence of publication, knowledge must diffuse through
the relatively more viscous medium of interpersonal
social networks. Science thus appears to stimulate in-
novation by expanding the spatial reach of spillovers.
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