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Motivation



Background

Innovative activity in science and technology is slowing

I The past century saw unprecedented expansion of scientific and technological knowledge.

I But there is growing concern that innovative activity is slowing.
I Research productivity is declining in semiconductors, pharmaceuticals, and other fields.
I Papers, patents, and even grant applications have become less novel and less likely to connect

disparate areas of knowledge, both of which are precursors of innovation.

(Jones, 2009; Cowen, 2011; Pammolli et al., 2011; Horgan, 2015; Gordon, 2016; Collison and Nielsen, 2018;

Bloom et al., 2020; Packalen and Bhattacharya, 2020; Chu and Evans, 2021)



The problem

While the evidence is compelling, these trends are hard to reconcile with. . .

. . . theories of innovation.

I Innovation is widely viewed as a process of recombination.

I New ideas come from bringing together existing knowledge in new ways.

I The extent of prior knowledge is therefore important for future innovation, enabling the
“standing on the shoulders of giants.”

I Recent decades have seen explosive growth in scientific and technological knowledge,
which should make conditions ripe for advances.

. . . recent breakthroughs in science and technology.

I Measurement of gravity waves.

I Development of deep learning.

To address these tensions, we. . .

I Use a novel, theoretically informed measure to document and characterize long term
changes in the nature of discovery and invention, represented in papers and patents.

(Schumpeter, 1942; Koyré, 1952; Weitzman, 1998; Fleming, 2001; Fleck, 2012; Popper, 2014; Tria et al.,

2014; Acemoglu et al., 2016; Fink et al., 2017)



Measurement



What do we propose?

We use a new indicator of scientific and technological change (Funk and Owen-Smith, 2017).

I The idea is that the measure of an intellectual contribution is how it influences the growth
of knowledge.

I We consider an intellectual contribution to be. . .

I consolidating when it increases the use of its predecessors.
I disruptive when it decreases the use of its predecessors.

Maximally disruptive

time (t)

Maximally consolidating

time (t)



�2(0)(1) + (0) = 0

�2(1)(1) + (1) = �1

�2(1)(0) + (1) = 1

�2(1)(0) + (1) = 1

�2(1)(1) + (1) = �1

�2(1)(0) + (1) = 1

Step 1

Compute the numerator of
the CDt index equation
for each forward citation.

P
�2fi bi + fi = (0) + (�1) + (1) + (1) + (�1) + (1) = 1

Step 2

Sum the values from
Step 1 to obtain the
numerator.

1
6 = 0.17

Step 3

Divide the value from
Step 2 by the total
number of forward
citations, n, to obtain the
CDt index.

time (t)

Key

Cites focal document (type f = 1)

Cites predecessors (type b = 1)

Cites focal document and predecessors (type f = 1, b = 1)

�2(1)(0) + (1) = 1

�2(1)(0) + (1) = 1

�2(1)(0) + (1) = 1

�2(1)(0) + (1) = 1
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(1) + (1) + (1) + (1) + (1) + (1) = 6

6
6 = 1Maximally disruptive

�2(1)(1) + (1) = �1

�2(1)(1) + (1) = �1

�2(1)(1) + (1) = �1

�2(1)(1) + (1) = �1

�2(1)(1) + (1) = �1

�2(1)(1) + (1) = �1

(�1) + (�1) + (�1) + (�1) + (�1) + (�1) = �6

�6
6 = �1Maximally consolidating



Results: The decline of disruptive
science and technology



The decline of disruptive papers and papers

We see similar trends across science and technology

Consistent with claims of slowing innovative activity, we observe declining CD index values
over time, across fields, for both papers and patents; over time, papers and patents are doing
less to stimulate breaks from the status quo.



The decline is also reflected in changing word use

I If disruptiveness is declining, then verbs alluding to the creation, discovery, or perception
of new things (“disruptive” words) should be used less over time.

I Verbs alluding to the improvement, application, or assessment of existing things
(“consolidating” words) may be used more frequently.

Papers Patents



Results: Alternative explanations



The trends are not driven by changes in publication quality
I One concern with our results is that they may be driven by changes in the quality of published science.
I We therefore looked for consistent patterns in recognized “high quality” journals.
I We also looked at papers associated with Nobel Prize winning discoveries.

Bednorz & Müller (1986)

Sanger et al. (1977)

Riess et al. (1998)Kohn & Sham (1965)
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Dirac (1928): Discovery of the Dirac equation of relativistic quantum theory 
Watson & Crick (1953): Discovery of the structure of the DNA 
Kohn & Sham (1965): Development of a new method for calculating electronic structure 
Sanger et al. (1977): Development of a new method for mapping the order of nucleotides 
Katsuki & Sharpless (1980): Development of asymmetric epoxidation 
Saiki et al. (1985): Discovery of polymerase chain reaction 
Bednorz & Müller (1986): Discovery of superconductivity in cermaic materials 
Riess et al. (1998): Discovery of the accelerating expansion of the universe
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Nor are they due to the particularities of our data sources
I While we find consistent patterns across papers and patents, it is possible that the results we observe

may be due to the particularities of our data sources.

I We therefore replicated our analyses across four additional databases.
I American Physical Society (mostly physics papers, N=636,294)
I JSTOR (mostly humanities and social science papers, N=1,787,348)
I PubMed (mostly biomedical papers, N=22,759,312)
I Microsoft Academic Graph (N=250,613,378)

I Across all data sources, we continue to observe a decline in disruptiveness.
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Nor are they driven by changing authorship, publication, or

citation practices
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Results: Conservation of highly
disruptive work



Conservation of highly disruptive work

Reconciling slowing innovative activity with continued breakthroughs

Despite huge increases in the number of papers and patents published each
year, the number of highly disruptive publications is remarkably constant.

This pattern may help explain how and why we still see examples of major
innovations while also observing slowdowns in more macro indicators.

But also note that not all breakthroughs are disruptive!



Results: Growth of knowledge and
disruptiveness



The volume of science and technology has increased

dramatically

Reconciling slowing innovative activity with the growth of knowledge



But utilization seems to be decreasing



Reception and reactions









Nature paper

Reception and reactions

The paper has stimulated significant discussion on many di↵erent issues. . .

What’s causing the decline?

I Innovative work is di�cult to get through peer review.

I Funders tend to pick lower risk projects.

I Grant proposal requirements limit opportunities for serendipity.

I Scientific evaluation emphasizes quantitative metrics like numbers of papers and
citations.

I All the low hanging fruit is gone.

I The “burden of knowledge” has become too great.

How do we measure scientific progress?

I Could the decline of disruption be good if it means greater cumulation of knowledge?

I Is there an optimal level of disruptive science and technology?

I Should all science aim to be disruptive?



Stepping back
Thoughts on implications and

next steps



Implications and next steps

Convening stakeholders

I Support e↵orts (like this roundtable!) to understand the changing nature of discovery
and invention.

I The declines we observe are consistent across both science and technology.

I Similar trends are also evident elsewhere (e.g., film)

I Government has an opportunity to convene stakeholders (e.g., academia, industry) to
identify common challenges and opportunities.



Implications and next steps

Incentivizing research

I Many scientists are evaluated based on quantitative benchmarks (e.g.,
publication/patents, invention disclosures, citation counts).

I These have important benefits, including supporting transparency and objectivity.

I But they may also incentivize behaviors that result in less disruptive work.

I For example, work that is more developmental is likely to be easier for evaluators to
understand and therefore more rewarded (e.g., publishable).

I Similarly, work that develops existing conversations or product lines is likely more useable
(e.g., “citeable”) in the short run.



Implications and next steps

Funding research

Grant review

I Funders want to be sure they are supporting projects that are likely to be successful.

I But disruptive work is likely harder to evaluate ex ante than developmental research.

I Moreover, opportunities for disruption seem likely to come from serendipitous
discoveries, which may be unforeseen at the time of proposal submission.

I There is an opportunity for funders to consider ways of supporting freedom and flexibility
while also maintaining accountability.

Grant programs

I There may also be opportunities for new types of grant programs.

I Our results (and reactions to our paper) suggest scientists are struggling to keep up with
the literature.

I Programs that allow unstructured time (e.g., through teaching releases) may be helpful.

I Smaller seed grants, with faster proposal processes, may also promote exploration.



Implications and next steps

Supporting the Science of Science

I More (public) data on the products of R&D are also needed.

I For patents, the USPTO’s Patents View has democratized access to quality data.

I But there’s no analogue for papers, software, and so on, which are often proprietary.



Additional resources



Website

http://www.cdindex.info

http://www.cdindex.info


PyPI

https://pypi.org/project/cdindex/

https://pypi.org/project/cdindex/


GitHub

https://github.com/russellfunk/cdindex

https://github.com/russellfunk/cdindex

