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Knowledge of how science is consumed in public domains is essential for a deeper
understanding of the role of science in human society. While science is heavily supported
by public funding, common depictions suggest that scientific research remains an isolated
or ‘ivory tower’ activity!->, with weak connectivity to public use, little relationship between
the quality of research and its public use®3, and little correspondence between the funding
of science and its public use®!2, This paper introduces a measurement framework to
examine public good features of science, allowing us to study public uses of science, the
public funding of science, and how use and funding relate. Specifically, we integrate five
large-scale datasets that link scientific publications from all scientific fields to their
upstream funding support and downstream public uses across three public domains --
government documents, the news media, and marketplace invention. We find that the
public uses of science are extremely diverse, with different public domains drawing
distinctively across scientific fields. Yet amidst these differences, we find key forms of
alignment in the interface between science and society. First, despite concerns that the
public does not engage high-quality science, we find universal alignment, in each scientific
field and public domain, between what the public consumes and what is highly impactful
within science. Second, despite myriad factors underpinning the public funding of science,
the resulting allocation across fields presents a striking alignment with the field’s collective
public use. Overall, public uses of science present a rich landscape of specialized
consumption, yet collectively science and society interface with remarkable, quantifiable

alignment between scientific use, public use, and funding.



Science is often seen to provide substantial impacts beyond the community of scientists
themselves — for technological progress, government function, basic human curiosity, and
more!¥!°, Given the potential benefits, many nations have built institutional architectures to
support science through public investment, following the logic of public goods?’-?2. Like a public
park, which is funded by the government and can be visited for free, scientific research is
substantially funded by governments with its results placed in the public domain. This
institutional design, which depends upon taxing the public (rather than market-based
mechanisms), relies on the idea that public investment in science can match the public interest in

science.

Although the idea of science as a public good is foundational to the scientific ecosystem?!-23,
empirically testing the key premise of alignment between public funding and public use has
remained elusive, mainly due to the difficulty in collecting systematic data. Moreover, the lack
of measurement has invited substantial skepticism. Indeed, many observers view scientific
research as a cloistered or ‘ivory tower” activity that rarely corresponds to the public interest!-.
For example, the “two communities” and “two cultures” theories highlight substantial knowledge
and interest gaps between scientists and policymakers, disconnecting scientific research from

policy insights’-24-26

and suggesting little relationship between the quality of research and its
public usage®®. Meanwhile, scientists may have peculiar interests, with little exposure to real
world problems or incentives to tackle them!®2”. These potential gaps further animate root
concerns over the public funding of science and its proper allocation’!2. For example,
policymakers have long criticized the National Science Foundation (NSF) for funding frivolous
research and have called for greater transparency around the relevance of science®!?. Some
prominent academics and commentators, including Nobel-Prize winner Milton Friedman, have

taken the position that the government should not fund science, favoring purely private sector

research instead!!12,

This paper introduces a measurement framework to examine public good features of science,
allowing us to study public uses of science, the public funding of science, and how public use
and public funding relate. Building on prior research that considers the use of science within a
given public domain?®-33, here we integrate five large-scale datasets that link scientific

publications from all scientific fields to their upstream funding support and downstream public



uses across three public domains. Our first dataset (D;) is scientific publications, using the
Microsoft Academic Graph (MAG)**, which is one of the largest bibliometric databases of
scientific research in the world (SI S1.1). Our second dataset (D2) leverages the Microsoft Bing
search engine to collect over 6 million government documents available online across all
branches of the U.S. government®>. Using a machine reading technology, we systematically
identify academic publications that are referenced in these government documents and match
these references to the MAG. This novel pipeline allows us to collect a wide-scale dataset on
how government documents consume scientific knowledge (SI S1.2). In total, we identify
353,977 unique academic publications cited by 39,618 government documents. Our third dataset
(D3) uses the Altmetric data?®-? to track academic publications covered by mainstream media
reports. Matching these publications to the MAG data yields 548,962 unique papers covered by
2,417 media outlets (SI S1.3). Building on prior work®!-33, our fourth dataset (D) links all
patents granted by the United States Patent and Trademark Office (USPTO) to the academic
papers they reference, yielding 2,726,562 papers cited by 1,314,474 patents. Here we focus on
papers published between 2005 and 2014, a common period covered by all three datasets,
resulting in 116,462, 216,657, and 764,553 papers cited in government, news, and patent
documents, respectively. Finally, we integrate funding records, using a novel dataset (Ds),
Dimensions*®, which includes 5 million projects funded by 400 funding agencies worldwide and
links each funded project with its resulting publications. The SI further details the construction of

each dataset and additional validations (SI S1-S2).

Our first analyses measure the usage of scientific research in the three public domains. To
conduct this analysis, we first leverage the MAG’s classification of papers across 19 top-level
fields. To account for cross-field differences in publication volume, we define a Relative
Consumption Index, RCI. For a given public domain (d) and field (f), RCI measures the fraction
of papers in the field consumed by that public domain, normalized by the same fraction

calculated on all fields for that domain. That is,

RCI c]; _ # papers in field f consumed by domain d/ # papers in f

Total # papers consumed by domain d / Total # papers

We find that the public uses of science are diverse, with many fields showing substantially

specialized usage in public domains (Fig. 1). First consider science and engineering. Computer



science, materials science, and mathematics (Fig. 1d, i-j) present substantially larger RCI values
for patents than for government or news. By contrast, environmental science and geology (Fig.
1f, h) contribute relatively strongly in government and media documents compared to patents.
Finally, physics, chemistry, medicine, and biology present a broader range of use (Fig. 1b-c, k-1).
Among all fields, biology is the only one over-represented across all three channels,

demonstrating a uniquely general relevance to these broad domains beyond science.

Social sciences, by contrast, exhibit a visibly different pattern of public use. The social sciences
are strongly consumed in government and media domains while showing systematically low
usage in patents (Fig. 1m-q). Economics sees especially strong government use, while
psychology, sociology, and political science see relatively strong media use. Arts and humanities

(philosophy, art and history, Fig. 1r-t) are relatively under-represented in all three domains.

Specialization in public use further appears at sub-domain levels (Fig. S15). For government,
different agencies consume very different scientific research. For example, the U.S. Department
of Treasury draws especially on economics and business research, the U.S. Department of
Energy draws especially on geology and engineering, and the U.S. Department of Defense draws
unusually on history. Different patenting fields further exhibit highly specialized relationships to
specific scientific fields. By contrast, in media, while the Washington Post draws unusually
heavily on political science research, mainstream media sources in general are more consistent in
the fields they report, with especially strong and widespread interest in medicine and

psychology.

Overall, these results highlight a large set of specialized relationships between specific domains
of public use and specific fields of scientific research. From a public goods perspective, if we
think of scientific fields as akin to a series of national parks, we see that each park is embedded
in particular communities of public use. Collectively, these parks spread across diverse regions
of knowledge and are accessed by diverse segments of the public. A few fields, and especially
biology, receive visitors at relatively intense rates from a broad range of public domains — a

“Yellowstone Park” of science.

Our second set of results examine whether the public domains tend to consume ideas that
scientists themselves consider impactful. Longstanding arguments suggest that the public is not

well equipped to evaluate science and may draw on poorly established scientific ideas, which



would undermine the public good benefits of science’®. Continuing the national parks metaphor,
scientists may be seen as primarily working in a hard-to-reach backcountry, with the typical
public visitor having neither the tools to access this terrain nor perhaps an interest in the areas the
scientists focus upon. To further examine public use, we therefore consider, at the article level,
the alignment between public use and scientific use. Specifically, we calculate the probability of
being a hit paper within science, defined as those papers in the top 1% of citations within the
same field and year, and examine the relationship to usage in the public domains (SI S4.1, Fig.
2b). We find that papers referenced in public domains have a remarkably high likelihood of
being hit papers within science. Papers cited by government documents, news or patents exhibit
hit rates of 16.3%, 18.5% and 10.5%, respectively, all large multiples of the baseline rate of 1%.
Further, papers referenced in the intersection of different domains tend to be exceptionally
impactful in science. For papers referenced in two public domains, approximately half are hit
papers. Papers referenced by both government documents and news media have a hit rate of
51.7%. The results are broadly similar if we examine the intersection between government
documents and patents (46.0%) or news and patents (52.1%). Lastly, a paper consumed in all

three domains is a hit paper in science at a staggering 82.8 times the baseline rate.

The use of high-impact papers is not only common across different public domains, it also
appears universal across research areas. Papers covered by public domains tend to be highly
cited in all scientific fields, as these papers’ hit rates all exceed the baseline by large multiples in
each field (Fig. 2¢c-e). These findings remain similar when varying the threshold for hit papers to
top 5% or 10% citations (SI S5.3, Fig. S10,11). We also repeated our analyses for papers
produced by U.S.-based researchers, arriving at the same conclusions (Fig. S12). While
government, media, and patenting documents may cite science for a variety of reasons and our

26,37.38 we see that the science

reference-based measures are proxies for uses of science
referenced in public domains is not in conflict with what scientists themselves consider

important; rather, impactful papers defined by these communities show substantial overlap. This
finding stands in contrast to concerns that the government and media in particular may be poorly
positioned to distinguish between high and low impact scientific work®®2%3°_ Qverall, the public
use of science, while marked by substantial specialization in use across research areas, presents a

striking universality, where diverse public domains all draw on the highest-impact scientific

papers within each field.



We further fine-grain the 19 broad research fields of papers into 294 subfields as indexed by
MAG, and calculate the RCI score for each subfield in a given public domain. We visualize each
field’s RCI values, locating each field within a common triangle to compare each field’s
tendency toward usage in specific public domains (Fig. 3a). Fields in social science as well as
arts and humanities are mostly used in media and government, whereas fields in science and
engineering spread out widely within the triangle, again highlighting the field-level

specialization yet collective diversity in the public uses of science.

Together, these results raise a central question: To what degree does the funding input for
science relate to the field’s public use? The majority of scientific research is supported by public
investment, which aims to advance not only science itself but also broader public interest*®. The
NSF, for example, formally introduced broader impacts as a key criterion for evaluating grant
proposals in 1997. Here we focus on U.S.-funded projects and use Ds to calculate the average

funding per paper in a given subfield as a proxy for public investment costs per unit of output.

We find that the public investment per paper differs dramatically across fields, spanning over
five orders of magnitude. Yet comparing average funding per paper with RCI in each domain
reveals substantial correlations between funding and the use of science across all three public
domains, with R? = 0.202 for government, 0.318 for news, and 0.373 for patents (Fig. 3b-d, SI
S4.2, Table S1). To further test if the uncovered correlation is due to the heterogeneity in field
size or parent field, we add the number of papers in the subfield as well as parent field fixed
effects (for the 19 higher-level fields) into the regression, finding the strong correlation with RCI/
persists (P < 0.001 in all three cases). Although a majority of funding come from government
agencies, the correlation with funding is the weakest for government documents. Indeed, across
the three domains, the representation of subfields in government documents has the lowest
predictive power for funding, suggesting that public investments in science better reflect the
overall public interest captured by media or patents. We further include funding from non-

governmental sources, finding our conclusions remain the same (SI S5.1, Fig. S7, Table S4-5).

Most strikingly, a simple linear regression model combining the three RCI values together yields
a surprisingly high degree of agreement with funding, with an R? of 0.672 (Fig. 3e, SI S4.2,
Table S2), providing at minimum an 80% increase in predictive power compared with using any

of the three public domains alone. These results suggest that each public domain provides



independent predictive power for understanding the allocation of public investment in science.
The uncovered high predictive power of this analysis is especially striking given many complex
factors and processes at work in appropriations, budget setting, and grant review**+3. Although
each research field differs significantly in its relative role and contribution in science and
beyond, the combination of their impacts beyond science powerfully predicts funding,
suggesting that, ultimately, what the public uses, what scientists use, and what is funded are

remarkably consistent.

Taken together, the analysis probes quantitatively key features of the public good approach to
science and establishes systematic facts. Measuring the usage of scientific research outside
science itself, we uncover enormous diversity and specialization in how different fields of
scientific inquiry are linked to different public domains. Yet, despite these differences, the
different public domains (and subdomains) universally draw on highly cited papers within
science, indicating that public use is strongly aligned with what scientists themselves consider
impactful. And, critically, the public usage of scientific fields across the diverse domains

provides simple yet powerful predictors for the level of public investment in each field.

Note that, although the three domains each represent an important dimension of the public space,
they do not cover all domains that science may impact. Even within each of the three domains
we studied, there may be consumption of science through channels that go beyond our datasets.
For example, scientists and their ideas can appear through television, in congressional testimony,
and in private sector consulting. Nevertheless, our datasets allow us to quantitatively examine
public uses of science across all scientific fields by diverse public domains, revealing
individually specialized and collectively diverse uses, universality in impact, and a remarkable

alignment between the funding of science and its public use.

12123 and as legislators have

As society’s support of science depends on a public goods mode
called for more transparency in the usage and value of scientific funding*, the framework
developed in this paper provides an empirical tool, offering quantitative evidence to inform
discussions around public good features of science. The allocation of science funding involves
chains of decisions by individuals and groups with different perspectives and priorities. These

considerations range from legislative committees and the goals of individual political

representatives, to funding agency leaders, to within-agency mechanisms that often incorporate



insights from scientists, interacting in a complex process that must bridge across distinct
communities. As such, one might expect a substantial disconnect between what is eventually
funded and forms of public interest — metaphorically, funding of public parks in ways weakly
related to public use. Yet, despite the massive diversity in the public uses of science and a
complex funding process, there is remarkable alignment in the end result. What the public uses
and what scientists themselves use are closely consistent. And the funding of science closely
tracks quantifiable public use. These results suggest the connections between the ivory tower and

the real world appear more aligned than is commonly imagined.
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Figure captions

Fig. 1. Diversity in public use. Different scientific fields experience distinct and typically
specialized public uses. (a-t) The usage metric RCI for the three public domains, presented for
each field (b-t). The dashed triangles represent a null model where each paper has the same

chance to be used (a).

Fig. 2. Public use and scientific use. The public tends to consume exceptionally high impact
science from all fields and in all three public domains, indicating alignment between public use
and scientific use. (a) Usage by domain for papers published from 2005 to 2014. The area of
each subset is proportional to the square root of the paper count in the corresponding public
domain. (b) Hit rates for papers cited in one, two, or three public domains. Hit papers are defined
as those receiving citation counts, within science, in the top 1% within the field and year. (c-e)
Hit rates for each of the 19 fields consumed by government documents (c¢), news media (d) and
patents (e). In all fields, and in all three domains, the consumed papers have hit rates within

science many times larger than the baseline rate of 1% (dashed line).

Fig. 3. Public use and public funding. Amidst enormous diversity in public use across fields
and domains, scientific funding for a given field is closely aligned with the totality of its public
use. (a) Ternary plot of RCI for 294 level-1 fields together, with the location of each field
indicating its relative usage among the public domains. Circles are colored coded according to its
parent field in Fig. 1, and circle sizes reflect overall usage. (b-d) Average funding per paper
across fields is positively correlated with a field’s RCI index in government (b), news (¢) and
patenting (d). The relationship remains significant when combined with control variables (P <
0.001 in all three cases after controlling for the number of papers and parent field fixed effects).

(e) Collectively, public uses beyond science strongly predict field level funding per paper.
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