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A recent highly publicized study [Park, M., Leahey, E. and Funk, R. J., Papers and patents are
becoming less disruptive over time, Nature 613 (2023) 138–144] claiming that science has

become less disruptive over recent decades represents an extraordinary achievement but with

deceptive results. The measure of disruption, CD5, in this study does not account for di®erences

in citation amid decades of exponential growth in publication rate. In order to account for both
the exponential growth as well as the di®erential impact of research works over time, here we

apply a weighted disruption index to the same dataset. We ¯nd that, among research papers in

the dataset, this weighted disruption index has been close to its expected neutral value over the
last ¯fty years and has even increased modestly since 2000. We also show how the proportional

decrease in unique words is expected in an exponentially growing corpus. Finding little evidence

for recent decrease in disruption, we suggest that it is actually increasing. Future research

should investigate improved de¯nitions of disruption.

Keywords: Computational social science; bibliometrics; innovation; science of science.

1. Introduction

Sixty years ago, Kuhn [1] advanced the study of scienti¯c paradigms as a punctuated

leader–follower process. Becoming a paradigm in itself, this models science to be a

social process, which does not entirely meet the ideal of objective hypothesis testing

to surface the best ideas [2, 3]. As a social process of learning from others, scienti¯c

research is driven not only by necessity, validity, or originality of the research but

also by the popularity of a publication [4] and the prestige of a journal and/or scholar

[5, 6], for example. These human-related factors are then magni¯ed by social learning

between researchers through any combination of team dynamics, fashions, prestige

bias, popular trends, and other social-learning strategies [7–13].
Like \paradigm", the related term \disruption" became fashionable in the early

1960s. Generally meaning radical change in an industry ormarket, disruption in science

couldbe seenas the intensity ormagnitudeof aparadigmshift��� the extent towhich the

old ideas are abandoned in favor of the new. As all science builds on previous ideas, a

useful metric for disruption captures the extent to which followers of a new paradigm

tend to cite only that \disruptive" paper and not the papers in its own reference list [14].

For it to be \disruptive", this tendency to ignore the references cited by a seminal paper

should be beyond the normal decay of references being forgotten as they age [15, 16].

We would expect disruption, in the sense of radical change, to initiate a new

paradigm of some size, such that disruptive papers would be highly-cited. Without

this aspect, an obscure Paper A, even if cited only once by Paper B, could be de¯ned

technically as highly disruptive, if Paper B did not cite any of the references in Paper
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A. If the disruptiveness of a focal paper is de¯ned as the tendency for papers that cite

a focal paper to ignore the papers in the focal-paper's reference list, then it makes

sense to factor in the number of times the focal paper has been cited overall. In other

words, rather than record simply the proportion of \disruptive" papers ��� equally

weighted, whether cited once, twice or thousands of times ��� it would be better to

measure the proportion of citations that point to disruptive papers.

Using the equally weighted measure, among millions of published papers as well as

patents, scienti¯c research appears to have become less disruptive [17] in the citation

patterns. This result is based on the observed decrease in both a metric for disruption

and the relative fraction of unique words over the last 70 years [17].

Scienti¯c metrics provide evidence about a certain element of reality but may not

always re°ect trends accurately. The reported decline in the disruption index, CD5, since

1950 [17] is largely due to the diluting e®ect of exponential growth in quantity of scienti¯c

papers and patent applications, as well as their respective citations, over those decades.

In these results [17], CD5 measures the proportion of citations that a focal work

receives relative to the works cited by the focal work. This index does not account for

exponential growth of publications and citations. It also treats all papers equally in

the annual average, such that a research paper cited by, say, just two other papers

with a CD5 score of �1 would o®set a paper from the same year cited 1000 times with

a CD5 score of þ1. Averaged across an exponentially increasing number of papers

each year, this annually averaged CD5 has decreased in concave-up fashion [17].

This does not necessarily signal a decrease in disruption as de¯ned by how much

subsequent work is a®ected at an accelerating pace.

This highlights the need to account for decades of growth in numbers of papers

(and patents) as well as a corpus of expanding citations. For example, the number of

patents in the United States has grown exponentially since the 19th century (www.

uspto.gov/patents/milestones). In academic publications, this growth rate averaged

about 4% per year for more than a century and about 5% per year since 1950 [18].

Accelerated growth appears to be responsible for the steady decline in disruption as

de¯ned in the study [17] because the number of citations is increasing in a similar way

(Fig. 1). We con¯rmed that the annual numbers of research papers in the dataset

increased exponentially for over eight decades since 1930 (Fig. 1, blue).

2. A Citation-Weighted Measure of Disruption

Using the term \paper" for simplicity, the disruption metric used in the original

study [17] is de¯ned as follows:

CD5ðtÞ ¼
1

nt

Xnt

i

�2fitbit þ fit; ð1Þ

where fit is a binary variable (1 or 0) for including the future nt papers within the

5-year window that cite (f ¼ 1) the focal paper i in year t or not (f ¼ 0). Similarly,

bit is a binary variable indicating whether the future paper cites a predecessor of
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the focal paper. Each term in the sumvaries from1 toþ1, and each paper published has

equal weight in the calculation of the average CD5ðtÞ for year t. Note how equation 1 is

an average across all papers in year t, such that a paper cited a few times counts asmuch

toward the annual disruption score CD5 as a paper cited thousands of times.

As we assume instead that highly cited papers contribute more to disruption, here

we re-analyze the trend described in [17] using their dataset of millions of scienti¯c

publications. For each focal paper, we calculate disruption via a citation-weighted

measure, as follows:

mCD5ðtÞ ¼
cit
nt

Xn

i

�2fitbit þ fit; ð2Þ

where cit, the average number of citations of the focal paper per year, captures the

impact of the focal paper [14]. When we sum the mCD5ðtÞ for all papers in year t

from Eq. (2), we then need to divide by the sum of citations across all papers in year t,

a number that also increased exponentially over the eight decades (Fig. 1, red).

In order to calculate this from the data available in the original study [17], we use

the CD5ðtÞ metric and the average number of times cit each paper is cited each year:

mCD5ðtÞ ¼
1

Ct

XNt

i

citCD5ðiÞ; ð3Þ

where Ct is the sum of all the citation counts cit of the Nt papers published in year t.

Normalizing in this way helps this weighted measure to account for the exponential

growth in the total number of papers and citations over time. Note that, since the

number of citations is also growing exponentially,mCD5ðtÞ also has an exponentially

Fig. 1. Decades of exponential growth in scienti¯c publications and citations: Ct and Nt are annual
numbers of citations and publications, respectively. Inset shows logarithmic scale. Source data from [17].
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growing denominator, just as CD5ðtÞ does. With this normalization, and because the

disruption score in the sum ranges from 1 to þ1, our null expectation is that Eq. (3)

should be close to zero in most years.

This exponential increase in information obscures the overall pattern of disrup-

tion. By incorporating citation rate into the disruption score for each publication, we

might better estimate the disruptive impact. Here we show how an impact-based

measure of disruption, weighted by overall citation count, a®ects the overall picture.

Measured in the dataset from the study [17], the new citation-weighted measure (2)

has been close to zero for the 50 years after about 1970 (Fig. 2). Zooming in, we see a

modest but consistent growth in weighted disruption since 2000 (Fig. 2, inset), which

coincides closely with the digital age of publishing [15], suggesting that technology is

a main force behind disruption.

The other e®ects observed in the study ��� the decrease in unique words, as well as

changes in word frequency ��� appear to be mostly due to the accelerated growth in

the number of publications. This is seen across modern information in general [19, 20],

as shown by the word count in English-language books over time [21, 22] in Fig. 3(a).

Although we do not fully understand why things grow exponentially, many

technological advances can accelerate cultural changes [23] and promote the need for

novel words [20] (Fig. 3(a), inset). In an expanding corpus, the ratio of unique terms

to total words naturally declines as information grows. An exponentially growing

corpus in books, for example, corresponds to the decline in the ratio of unique to total

words per year [24].

Fig. 2. The citation-weighted disruption index has been close to zero since around 1970. Inset shows a
modest increase since 2000 (blue area). Source data from [17].
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In this case, the ratio of unique terms to total words used declines as information

grows (Fig. 3(b)). Interestingly, the 80% decrease in this ratio in scienti¯c publica-

tions between 1950 and 2010 [17, Fig. 2] matches that in millions of books during that

period [26]. This trend has also been reported in scienti¯c publications and in books

published in di®erent languages across very di®erent domains [24]. Similarly, the

most-used verbs in science and patents have changed over time, re°ecting common

English language usage, and this pattern can be easily predicted by simple models of

word choice [25–27]. For example, the use of the word \produce" has declined over

time both in patents and in English books in general (see [17, Fig. 3]).

3. Discussion and Conclusions

Despite the exponentially growing denominator in mCD5, this citation-weighted

measure of disruption has either held steady or increased over the last half century.

In other words, not only is the absolute number of disruptive works relatively

(a)

(b)

Fig. 3. Corpus growth, fashion cycles, and dilution. (a) Annual count of words (black curve), in

billions, and vocabulary (unique words, blue curve), in tens of millions, in English-language books. Inset:

popularity cycles of selected technological terms (the max of \digital media" lies above the plot).
(b) Unique words (appeared once in the year) as a fraction of total word count, with logarithmic y-axis

(inset: 1950–2008, not logarithmic). All data are from the 2012 Google books database (https://book-

sgooglecom/ngrams/info).
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constant, even the fraction of citations that point to disruptive works has been either

constant or increasing. Similarly, Petersen et al. [29] show that the decrease in CD5

reported by Park et al. [17] since the mid-20th century is an artifact of how it was

de¯ned combined with \citation in°ation" ��� the exponential growth in the number

of published papers and citations, as well as the increase in mean number of refer-

ences per paper over time. The decline in CD5 is expected due to the increase in the

denominator in the expression amid an exponentially expanding corpus [29, Eqs. (1)

and (2)]. If, for instance, a limit were imposed by publishers on the number of paper

references, the decline in CD5 would stop (see [29, Fig. 4]).

In summary, we see little evidence that disruption is decreasing. The unweighted

disruption metric is going down, but the citation-weighted measure is still going up.

With each paper equally weighted regardless of impact, the measure of disruption

with number of papers in the denominator (Eq. (1)) is expected to decrease over time

amid an exponentially expanding corpus, as should the fraction of unique words.

Instead, when we use the citation-weighted measure (Eq. (3)), we ¯nd that the

disruption measure moves close to its expected value of zero over time, but also

increases modestly in the last 20 years. Given this is amidst an exponentially growing

corpus, we might even conclude that disruption is increasing in the current age of

digital publishing.

Disruption means that the ideas that help form a new idea are disproportionately

left behind. Darwin's Origin of Species was built upon ideas in geology, geography,

and biology at the time [30]. In the 1990s, particular publications on preferential

attachment [31] or small-world networks [32] became enormously disruptive, in the

sense that they each came to be cited tens of thousands of times ��� orders of

magnitude more than similar contemporary works [33] ��� despite building on similar

ideas of proportional advantage [25, 34] from decades before.

In the near future, machine learning and natural language-processing tools may

substantially revise this history of disruption [28]. As academic publications are

increasingly read by, and perhaps written by, machines and arti¯cial intelligence, the

nature of scienti¯c paradigms and disruption will change, potentially dramatically.

Machines can read all digitized papers, no matter how obscure, whereas human

researchers are all too prone to follow popular ideas or prestigious thought leaders

(e.g. citation count). That could mean that the dynamics of disruption become

di®erent, and machines may even discover lost revolutionary ideas that become

disruptive long after human learning biases have forgotten them. Academic creative

innovation tends to occur in bursts, which lead to paradigm shifts but also founder

e®ects, in which one paper becomes highly cited and other papers of that productive

time, with equally original and potentially disruptive ideas, being left behind in the

inherently human process of following prestigious leaders and/or popular ideas. With

machines reading and summarizing large numbers of obscure papers, however, a

measure of disruption per paper, independent of subsequent citation by humans,

would become more important.
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