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Abstract (also in Spanish, Chinese)

Introduction

New sources of citation data have recently become available, such as Microsoft
Academic, Dimensions, and the OpenCitations Index of CrossRef open DOI-to-DOI
citations (COCI). Although these have been compared to the Web of Science (WoS),
Scopus, or Google Scholar, there is no systematic evidence of their differences across
subject categories.

Methods

In response, this paper investigates 3,073,351 citations found by these six data sources
to 2,515 English-language highly-cited documents published in 2006 from 252 subject
categories, expanding and updating the largest previous study.

Results

Google Scholar found 88% of all citations, many of which were not found by the other
sources, and nearly all citations found by the remaining sources (89%-94%). A similar
pattern held within most subject categories. Microsoft Academic is the second largest
overall (60% of all citations), including 82% of Scopus citations and 86% of Web of
Science citations. In most categories, Microsoft Academic found more citations than
Scopus and WoS (182 and 223 subject categories, respectively), but had coverage gaps
in some areas, such as Physics and some Humanities categories. After Scopus,
Dimensions is fourth largest (54% of all citations), including 84% of Scopus citations and
88% of WoS citations. It found more citations than Scopus in 36 categories, more than
WoS in 185, and displays some coverage gaps, especially in the Humanities. Following
WoS, COClI is the smallest, with 28% of all citations.

Conclusions

Google Scholar is still the most comprehensive source. In many subject categories
Microsoft Academic and Dimensions are good alternatives to Scopus and WoS in terms
of coverage.
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1. Introduction

1.1 Timeline

The first scientific citation indexes were developed by the Institute for Scientific
Information (ISI). The Science Citation Index (SCI) was introduced in 1964, and was later
joined by the Social Sciences Citation Index (1973) and the Arts & Humanities Citation
Index (1978). In 1997, these citation indexes were moved online under the name “Web
of Science”. Recently, these citation indexes, along with some new ones such as the
Conference Proceedings Citation Index, the Book Citation Index, and the Emerging
Sources Citation Index, were rebranded as the “Web of Science Core Collection” (from
now on, WoS). The availability of this data was essential to the development of
quantitative studies of science as a field of study (Birkle et al., 2020).

In November 2004, two new academic bibliographic data sources that contained citation
data were launched. Like WoS, Elsevier’'s Scopus is a subscription-based database with
a selective approach to document indexing (documents from a pre-selected list of
publications). A few weeks after Scopus, the search engine Google Scholar was
launched. Unlike WoS and Scopus, Google Scholar follows an inclusive and automated
approach, indexing any seemingly academic document that its crawlers can find and
access on the web, including those behind paywalls through agreements with their
publishers (Van Noorden, 2014). Additionally, Google Scholar is free to access, allowing
users to access a comprehensive and multidisciplinary citation index without charge.

In 2006, Microsoft launched Microsoft Academic Search but retired it in 20124 (Ordufia-
Malea et al., 2014). In 2016, Microsoft launched a new platform called Microsoft
Academic, based on Bing’s web crawling infrastructure. Like Google Scholar, Microsoft
Academic is a free academic search engine, but unlike Google Scholar, Microsoft
Academic facilitates bulk access to its data via an Applications Programming Interface
(API) (Wang et al., 2020).

In 2018, Digital Science launched the Dimensions database (Hook et al., 2018).
Dimensions uses a freemium model in which the basic search and browsing
functionalities are free, but advanced functionalities, such as APl access, require
payment. This fee can be waived for non-commercial research projects.

Also in 2018, the organization OpenCitations, dedicated to developing an open research
infrastructure, released the first version of its COCI dataset (OpenCitations Index of
CrossRef open DOI-to-DOI citations). The citation data in COCI comes from the lists of
references openly available in CrossRef (Heibi et al., 2019). Until 2017, most publishers
did not make these references public, but the Initiative for Open Citations (140C),
launched in April 2017, has since convinced many publishers to do so. The rationale is
that citation data should be considered a part of the commons and should not be only on
the hands of commercial actors (Shotton, 2013, 2018). At the time of writing, 59% of the
47.6 million articles with references deposited with CrossRef have their references
open °. However, some large publishers, such as Elsevier, the American Chemical
Society, and IEEE have not yet agreed to opening their lists of references. Thus, COCl’'s
only partially reflects the citation relationships of documents recorded in CrossRef, which
now covers over 106 million records (Hendricks et al., 2020).

4 https://web.archive.org/web/20170105184616/https:/academic.microsoft.com/FAQ
5 https://i4oc.org/
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The new bibliographic data sources are changing the landscape of literature search and
bibliometric analyses. The openly available data in Microsoft Academic Graph (MAG)
has been integrated into other platforms, significantly increasing their coverage
(Semantic Scholar, Lens.org). There are still some reuse limitations, such as that the
current license of MAG (ODC-BY) requires attribution, which apparently precludes it from
being able to be integrated into COCI (which uses a CCO public domain license). This
openness is nevertheless an advance on the previous situation, in which most citation
data was either not freely accessible (WoS, Scopus), or free but with significant access
restrictions (Google Scholar). At this point, citation data is starting to become ubiquitous,
and even owners of closed bibliographic sources, such as Scopus, are beginning to offer
researchers options to access their data for free °.

Other citation indexes have been developed within various academic platforms, but
these are not analysed in this study, for various reasons:

e CiteSeerX’, from Penn State University, indexes documents in the public web
and not those that are only found behind paywalls (Wu et al., 2019).

e ResearchGate® generates its own citation index based on the full text documents
that its crawler finds on the Web and those that its users upload to the platform.
However, the platform does not offer a way to extract data in bulk, and it is difficult
to use web scraping to obtain data because the complete list of citations to an
article cannot be easily displayed.

e Lens.org? integrates coverage from Microsoft Academic, CrossRef, PubMed,
and a number of Patent datasets. It is not included in this analysis because two
of its main sources (Microsoft Academic and CrossRef) are already included.

e Semantic Scholar '° originally focused on Computer Science and Engineering.
Later it expanded to include Biomedicine, and recently it has integrated
multidisciplinary coverage from Microsoft Academic (which is also the reason why
we decided not to analyse it).

e There are also several regional or subject-specific citation indexes, which only
index documents published by journals and/or researchers who work in a specific
country or region, or in specific topics. Given their specific scope these are not
easily comparable to sources with a worldwide and/or multidisciplinary coverage.

1.2. Previous analyses of coverage

Document coverage varies across data sources (Ortega, 2014), and studies that analyse
differences in coverage can inform prospective users about the comprehensiveness of
each database in different subject areas. For citation indexes, greater coverage should
equate to higher citation counts for documents, if citations can be extracted from all
documents. Coverage is not the only relevant aspect that should be considered when
deciding which data source should be used for a specific information need (e.g., literature
search, data for bibliometric analyses). Other aspects such as functionalities to search,
analyse, and export data, as well as transparency and cost, are also relevant, but not
analysed here. Some of these aspects are analysed by Gusenbauer & Haddaway
(2020).

6 https://www.elsevier.com/icsr/icsrlab
7 https://citeseerx.ist.psu.edu/index

8 https://www.researchqate.net/

9 https://www.lens.org/

10 https://www.semanticscholar.org/
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1.2.1 The veterans: WoS, Scopus, and Google Scholar

As the longest-running platforms, many studies have analysed the differences in
coverage and citation data between WoS, Scopus, and Google Scholar. WoS covers
over 75 million records in its Core Collection (which includes its main citation indexes),
and up to 155 million records when other regional and subject-specific citation indexes
are included (Birkle et al., 2020). Scopus claims to cover over 76 million records (Baas
et al., 2020). Google Scholar does not disclose official figures about its coverage (Van
Noorden, 2014), but the most recent independent studies have estimated that it covers
well over 300 million records (Delgado Lépez-Cozar et al., 2019; Gusenbauer, 2018). At
this point most studies agree that Google Scholar has a more comprehensive coverage
than Scopus and WoS, and includes the great majority of the documents that they cover.
However, the relatively low quality of the metadata available in Google Scholar and the
difficulty to extract it make it challenging to use Google Scholar data in bibliometric
analyses (Delgado Lopez-Cozar et al., 2019; Halevi et al., 2017; Harzing, 2016; Harzing
& Alakangas, 2016; Martin-Martin et al., 2018; Moed et al., 2016).

1.2.2 Microsoft Academic

Microsoft Academic has been recently reported to cover over 225 million publications
(Wang et al., 2020). Harzing carried out an analysis of her own publication record and
the publication records of 145 academics in five broad disciplinary areas (Harzing, 2016;
Harzing & Alakangas, 2017a, 2017b). Microsoft Academic found more of her own
publications than Scopus or WoS. For the sample of publications by 145 academics,
Microsoft Academic provided higher citation counts than both Scopus or WoS in
Engineering, Social Sciences, and the Humanities, and similar figures in Life Sciences
and Sciences. Google Scholar reported the highest citation counts in all disciplines.

Hug & Brandle (2017) also analysed the coverage of Microsoft Academic and compared
it to Scopus and WoS. Based on publications included in the repository of the University
of Zurich as a case study, Microsoft Academic had wider coverage of non-article
documents than Scopus and WoS, while Scopus had a slightly lower coverage of journal
articles than Microsoft Academic. Microsoft Academic showed similar biases to Scopus
and WoS against non-English publications and publications in the Humanities.
Haunschild et al. (2018) analysed a subset of the same sample used in the previous
study (25,539 papers also covered by WoS) and found that 11% had no associated cited
references in Microsoft Academic, while in WoS the same papers had associated cited
references. However, for publications with less than 50 associated references in WoS
(24,788) the concordance correlation coefficient applied to the number of references
found by each source was 0.68, indicating a strong tendency for them both to report the
same number.

Thelwall (2017) analysed the citation counts of 172,752 articles in 29 large journals from
various disciplines, and compared them to Scopus citation counts and Mendeley reader
counts. For articles published between 2007 and 2017, Microsoft Academic found slightly
more citations than Scopus overall, and significantly more than Scopus for documents
published in 2017. In subsequent studies, Thelwall (2018a) found that Microsoft
Academic did find earlier citations to recently published articles when compared to
Scopus. Kousha & Thelwall (2018) studied the coverage and citation counts of books in
Microsoft Academic and Google Books by analysing a sample of book records extracted
from the Book Citation Index (BKCI) in WoS. They found 60% of the books in their sample
overall, but this percentage was lower in some categories of the Humanities and Social
Sciences. Citation counts in Microsoft Academic were higher than in BKCI in 9 out of 17
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fields during 2013-2016. Kousha et al. (2018) analysed whether Microsoft Academic was
able to find early citations of in-press articles using a sample of 65,000 in-press articles
from 2016-2017, and found that Microsoft Academic was able to find 2-5 times as many
citations as Scopus. This was mostly because Microsoft Academic (like Google Scholar)
merges preprints (and the citations these receive) with their subsequent in-press
versions, and because Microsoft Academic covers repositories such as arXiv.

Visser et al. (2020) carried out a large-scale comparison of WoS, Scopus, Dimensions,
Microsoft Academic, and CrossRef by matching the entire collection of documents in
each source. They found that Microsoft Academic was the source with the largest
coverage overall, and the one with the higher overlap with Scopus documents (81% of
Scopus documents were found in Microsoft Academic). Some of the documents in
Microsoft Academic were not of a scientific nature. Microsoft Academic was not able to
detect 12.7% of the citations found by Scopus after adjusting for coverage differences.

1.2.3 Dimensions

Dimensions covers over 105 million publications, as well as other kinds of records such
as grants data, clinical trials, patents, and policy documents (Herzog et al., 2020).

Ordufa-Malea & Delgado-Lopez-Cézar (2018) analysed several small samples of
journals, documents and authors in the field of Library & Information Science using
Dimensions, and compared the data to Scopus and Google Scholar. Dimensions
provided slightly lower citation counts than Scopus. Thelwall (2018c) analysed a random
sample of 10,000 Scopus articles from 2012, finding that Dimensions covered the great
majority of articles with a DOI (97%) and high correlations between citation counts in the
two sources (median of 0.96 across narrow subject categories).

Harzing (2019) analysed coverage of Dimensions and CrossRef, and compared it to the
coverage in WoS, Scopus, Google Scholar, and Microsoft Academic using her own
publication and citation record, as well as that of six top journals in Business &
Economics. CrossRef and Dimensions had similar or better coverage of publications,
and similar citation counts to those in WoS and Scopus, but still substantively lower than
Google Scholar and Microsoft Academic.

Visser et al. (2020) found that Dimensions had a substantially higher coverage than
Scopus and WoS, which heavily relied on data from CrossRef. After computing the
overlap in coverage between Dimensions and Scopus, they found that overall,
Dimensions covered 78% of the documents available in Scopus (35.1 million out of 44.9
million documents in Scopus). They also analysed the accuracy and completeness of
citation links, finding that, after adjusting for coverage differences, there were 489.7
million citations found by both sources (percentage of full overlap: 83%), 73.2 million only
found by Scopus, and 25.8 million only found by Dimensions.

1.2.4 COCI

COCI has detected over 624 million citation relationships involving over 53 million
documents (Peroni & Shotton, 2020). The citations recorded in this source are only a
fraction of the citations that have actually occurred among the documents covered by
CrossRef, because some publishers that deposit lists of references or CrossRef have
not agreed to make them available, and other publishers and preprint servers do not
deposit any references in CrossRef or do it only for some document types (Shotton,
2018; van Eck et al., 2018). Huang et al. (2020) used citation data from COCI and
bibliographic data from WoS, Scopus and Microsoft Academic to test the robustness of



university rankings created with these different sources, and concluded that despite its
lack of comprehensiveness COCI is already a viable data source for cross comparisons
at the system level.

1.3 Objective

The citation index coverage studies published so far have analysed a heterogeneous
variety of samples of documents, disciplines, and data sources. In response, this paper
reports a systematic comparison of coverage of six data sources (Google Scholar,
Microsoft Academic, Scopus, Dimensions, WoS, and COCI ') across 252 subject
categories using a relatively large sample of citations. This allows comparisons across a
large number of disciplines for the most widely used bibliographic data sources. This
study expands and updates a previous analysis of Google Scholar, Scopus and WoS
(Martin-Martin et al., 2018). The main research question that drives this is investigation
is:

RQ. How much overlap is there between Google Scholar, Microsoft Academic,
Scopus, Dimensions, WoS, and COCI in the citations that they find to
academic documents and does this vary by subject?

2. Methods

2.1. Direct coverage comparison vs. comparison of citations

The most direct method to compare document coverage across different data sources
would be to obtain a complete list of all documents covered by each source, match the
documents across databases, and report the size of the overlaps (Visser et al., 2020).
This is not possible here because of access restrictions. For example, Scopus and WoS
charge for this kind of access and Google Scholar does not share its database.

Because of these restrictions, studies analysing coverage differences across
bibliographic data sources often use an alternative method: they select a seed sample
of documents that are known to be covered by all the data sources under analysis, and
then they compare the list of citing documents that each data source is able to find for
each of the seed documents (Martin-Martin et al., 2018). The rationale of this method is
that if data source A is not able to find a citation that data source B has found, the reason
must be that the citing document is not covered by data source A. This assumes that all
data sources are equally effective in detecting citation relationships. In fact, each data
source has its own (usually secret) citation detection algorithms, and small discrepancies
in citation data across databases exist even when removing the factor of differences in
coverage (van Eck & Waltman, 2019; Visser et al., 2020). Furthermore, it is known that
bibliographic databases do not always have access to cited reference lists for all the
documents they cover, which also affects the citations they can detect. For example,
reference lists are only available in a fraction of the documents indexed in CrossRef, so
an analysis of the citations detected in this source does not accurately reflect the true
size of the bibliographic database. Other sources, especially academic search engines,

' In the case of COCI, the results cannot reflect the full coverage of CrossRef given the
incomplete availability of reference lists in this source. Nevertheless, including it in the analysis
will inform us of what proportion of citations are currently available in the public domain.
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are also affected by this issue to some degree '. Lastly, academic documents that do
not cite and are not cited by other documents cannot be detected by this type of analysis.
Therefore, results from studies that analyse citations to identify relative differences in the
sizes of bibliographic databases are likely to be affected by these confounding factors.

Of the six data sources that are analysed in this study, only two (Microsoft Academic and
COCI) offered free and unrestricted access to the complete list of documents (or citation
relationships in the case of COCI) that they covered at the time of data collection,
although Dimensions now also offers this to researchers. To include all data sources in
this study in a comparable way, the alternative method (selection of seed sample and
analysis of citations) was used to discover relative coverage differences among data
sources across subject categories. Since citation extraction discrepancies seem likely to
be small compared to coverage differences, the results should also be useful to detect
differences in coverage between sources.

2.2. Selection of seed sample

The sample of citations analysed in this paper was taken from a seed sample of highly-
cited documents: those listed in Google Scholar’'s Classic Papers product '* (GSCP).
This sample comprises the top 10 most cited documents published in 2006 according to
Google Scholar in each of 252 subject categories (except French Studies, which has
only 5 documents). The 252 subject categories are also assigned to one or more of 8
broad subject areas. The seed sample contains a total of 2,515 highly-cited documents.
For more information on GSCP, see Orduna-Malea et al. (2018).

This seed sample was considered useful for the purpose of this study, as it is the only
sample of documents in Google Scholar for which an article-level subject classification
is available. At the time of data collection, no other sample of documents with an article-
level classification was readily available to us, and a sample with these characteristics
was considered superior to the journal-level classification schemes that are used in
sources such as Web of Science and Scopus. Additionally, being aware of the difficulties
that extracting data from Google Scholar entail (Else, 2018), the election of a sample of
documents that were known to be highly cited also guaranteed a high efficiency in the
citation extraction process (each request to Google Scholar retrieved the maximum
amount of records that the search engine displays per page).

This study analyses the complete list of documents that cite this seed sample, as
reported in a variety of citation indexes (Google Scholar, Microsoft Academic, Scopus,
Dimensions, Web of Science, and COCI). In this study, they are called citing documents,
or more simply, citations. Thus, this study follows the same approach as Martin-Martin
et al. (2018).

2.3. Collection of citation data

Each of the 2,515 highly-cited documents were searched on Google Scholar, Microsoft
Academic, Scopus, Dimensions, WoS, and COCI (Table 1). For each seed document
found in a data source, the list of citing documents was extracted, as described below.

12 Visser et al. (2020) found that a large number of citations missing from Microsoft Academic
were caused by missing reference lists in the citing documents. As far as we know no study has
analysed how many missing citations in Google Scholar are caused by missing reference lists.
13 https://scholar.google.com/citations?view_op=list classic_articles&hl=en&by=2006

7


https://scholar.google.com/citations?view_op=list_classic_articles&hl=en&by=2006

The searches and data extraction were carried out in May and June 2019 (i.e., not re-
using the data from the previous paper).

Google Scholar has no data exporting capabilities in its web interface and no API.
Instead, a custom web scraper was used to extract the list of citing documents for each
highly-cited document in the seed sample (Martin-Martin, 2018). CAPTCHAs were
solved manually when they appeared.

Google Scholar provides up to 1,000 results per query. In order to download the
complete list of citing documents for those with more than 1,000 citations, queries were
split by the publication year of the citing documents. Using this method, we were able to
download most of the citing documents available in Google Scholar: for 2,429 (96.5%)
seed documents, we were able to extract a list of citing documents, amounting to at least
98% of the total citation counts reported by Google Scholar for these seed documents.
In eight cases (extremely highly-cited seed documents), splitting queries by publication
year was not enough to find all possible citing documents, and in these cases the number
of citing documents extracted from Google Scholar was lower than 75% of the reported
Google Scholar citation counts. This disadvantages Google Scholar in comparison to the
other sources, for which all citing documents could be extracted. 2,689,809 citations
were extracted from Google Scholar.

The metadata provided by Google Scholar is limited (Delgado Lopez-Cdzar et al., 2019).
For example, Google Scholar does not provide the DOI of a document, which is very
useful for document matching across data sources, and therefore relevant to our study.
To enrich the limited metadata provided by Google Scholar, we followed several
approaches. First, given that most of the citing documents from Google Scholar had
already been analysed (Martin-Martin et al., 2018), we matched the newly extracted list
of citing documents to the data from the previous study, and retrieved all the enriched
metadata that was available in the dataset used for the 2018 study. Next, for all the citing
documents that could not be matched in the previous step (mostly newer citations),
metadata was extracted from the HTML Meta tags in the landing page of each citing
document, and with public metadata APIs when a CrossRef or DataCite DOI could be
found. These methods produced a DOI for 62.9% of all Google Scholar citations.

To collect citation data from Microsoft Academic, the Academic Search API '* was used.
This API is free with a limit of 10,000 transactions per month. At the moment of data
collection, this API did not facilitate searching directly by DOI (Thelwall, 2018b). For this
reason, every highly-cited seed document was first searched for by title. Once the seed
document was retrieved and confirmed to be correct, new queries were submitted to
retrieve the list of citing documents. Up to 1,000 citing documents per query could be
extracted (seed documents with over 1,000 citations required more than one query to
extract all citations). For each citing document, the Microsoft Academic internal Id, as
well as the DOI, the document title, the list of authors, the publication year, the language,
and the citation counts, were retrieved. 1,840,702 citations were extracted from Microsoft
Academic.

To collect citation data from Scopus, the exporting capabilities of the web interface were
used. Each seed highly-cited document was searched in Scopus by DOI and title, and,
if found, the list of citing documents was exported in csv format. Scopus allows 2,000
records per query to be exported. When seed documents had over 2,000 citations, the
alternative email service was used, which allows 20,000 records to be exported. No

14 https://msr-apis.portal.azure-api.net/docs/services/academic-search-api
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document in the seed sample had more than 20,000 citations in Scopus. 1,738,573
citations were extracted from Scopus.

To collect citation data from Dimensions, its APl was used, which is free for research '°.
The Dimensions API allows searching by DOI. Therefore, all seed highly-cited
documents were searched for using their DOI, and, when unavailable, by their title. Once
all the seed documents had been identified in Dimensions, the APl was also used to
extract the list of citing documents. For each citation, the basic bibliographic information
(DO, title, authors, publication year, source, document type) was recorded. 1,649,162
citations were extracted from Dimensions.

To collect citation data from WoS, the web interface was used. All citation indexes in
WoS Core Collection were included in the analysis, including the Emerging Sources
Citation Index (from publication year 2005 to the present). Each seed highly-cited
document was searched by its DOI, and, when unavailable, by its title. The list of citing
documents was then exported in batches of up to 500. The exported files were
consolidated into a single table using a set of R functions (Martin-Martin & Delgado
Lépez-Cozar, 2016). 1,503,657 citations were extracted from WoS.

To collect citation data from COCI, the public APl was used. The DOI of each seed
highly-cited document was searched in order to retrieve the complete list of citing DOls.
852,413 citation relationships were extracted from COCI.

Table 1. N° of seed highly-cited documents and citations found in each data source

Source Siled docun:/fnts Citations
Google Scholar 2,515 100 2,689,809
Microsoft Academic | 2,500 994 1,840,702

Scopus 2,447 97.3 1,738,573
Dimensions 2,478 98.5 1,649,162
WoS 2,342 93.1 1,503,657
COCI 2,471 98.3 852,413

* Due to the sample selection process, the figures related to the seed documents found in each data
source cannot be used as evidence that Google Scholar has higher coverage than the other sources.

2.4. Analysis of citation data

To calculate citation overlaps across data sources, the citing documents from different
data sources were matched. The matching process started with two data sources (WoS
and Scopus), and the result was a full join of the two sources: a table containing all
citations found both by WoS and Scopus, as well as the citations found only by one of
the data sources. The resulting dataset was matched to the data obtained from another
data source (Dimensions), and this process was repeated until all data sources were
merged into a master list of citations (Table 2). The matching criteria are below, and are
the same as previously used (Martin-Martin et al., 2018):

1. For each pair of data sources A and B and a seed highly-cited document X, all
citing documents with a DOI that cite X according to A where matched to all citing
documents with a DOI that cite X according to B.

2. For each of the unmatched documents citing X in A and B, a further comparison
was carried out (except in the matching round where COCI data was integrated

15 https://www.dimensions.ai/scientometric-research/
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into the master table). The title of each unmatched document citing X in A was
compared to the titles of all the unmatched documents citing X in B, using the
restricted Damerau-Levenshtein distance (optimal string alignment) (Damerau,
1964; Levenshtein, 1966). The pair of citing documents which returned the
highest title similarity (1 is perfect similarity) was selected as a potential match.
This match was considered successful if either of the following conservative
heuristics was met:

o The title similarity was at least 0.8, and the title of the citing document was
at least 30 characters long (to avoid matches between short,
undescriptive titles such as “Introduction”).

o The title similarity was at least 0.7, and the first author of the citing
document was the same in A and B.

Table 2. Rounds of the matching process

Matching | Data sources being matched Resulting | Merged

round dataset citations

1st WoS 1<t Scopus master_1 1,852,681
2nd master 1 >t Dimensions master 2 1,990,862
3 master 2 3>t Microsoft Academic | master 3 2,263,896
4t master 3 > COCI master 4 | 2,273,067
5t master_4 1<t Google Scholar master_5 3,073,351

The matching criteria described above are intentionally conservative, so a match is only
accepted when the two documents have very similar metadata. The analysis does not
attempt to remove duplicate citations within the same data source, although Google
Scholar and Scopus (and perhaps others) are afflicted by this issue (Orduna-Malea et
al., 2017; van Eck & Waltman, 2019). In this study, if there are duplicate citations within
the same data source only one of the instances will be linked to the same citation in other
sources, while the rest will (erroneously) appear as unique citations. Therefore, the
percentage overlaps between sources calculated are conservative estimates (i.e., they
might be higher than reported here). A replication of the overlap analysis carried in
Martin-Martin et al. (2018) for one subject category (Operations Management) showed
that overlap figures are affected little when duplicates are identified and removed,
however (Chapman & Ellinger, 2019).

Given that the objective is to detect relative differences in coverage across databases,
to make comparisons as fair as possible the subset of citations that are considered in
each comparison is adapted to include only citation relationships where the cited seed
document is covered by all sources present in the comparison. For example, in a
comparison of coverage across the six data sources analysed in this study (Table 1, top),
only citations to the 2,319 seed highly-cited documents covered by all six data sources
are considered. However, in pairwise comparisons, such as the Venn diagram that
represents overlapping and unique citations in Google Scholar and Microsoft Academic
(Figure 2A), the citations to the 2,500 seed highly-cited documents that are known to be
covered by these two sources were analysed.

Data processing was carried out with the R programming language (R Core Team, 2014)
using several R packages and custom functions (Dowle et al., 2018; Krassowski, 2020;
Larsson et al., 2018; Martin-Martin & Delgado Lopez-Cdzar, 2016; van der Loo et al.,
2018; Walker & Braglia, 2018; Wickham, 2016; Wilke, 2019). The resulting data files are
openly available 6.

18 https://osf.io/gnb72/ (2019 folder)
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3. Results

3.1. Overall results (all subject categories)

3.1.1. Relative overlap

Overall, Google Scholar has the highest coverage, as it found 88% of all possible
citations (2,918,105) to the 2,319 highly-cited documents in our sample that were
covered by the six sources under analysis (Figure 1, first row). Microsoft Academic,
Scopus, Dimensions and WoS found substantially fewer (60%-52% of all citations).
COCI found only 28% of all possible citations.

In terms of relative overlaps between two data sources, larger data sources are able to
find a vast majority of the citations found by the smaller data sources (Figure 1, row 2
through 6). Thus, Google Scholar found 89% of the citations in the second data source
with the largest coverage (Microsoft Academic), and up to 94% of the citations in the
smaller sources (WoS, COCI). On the other side of the spectrum, COCI, the smallest
source, found between 30% and 51% of the citations found by the other sources (Google
Scholar and Dimensions, respectively).

... that are also Google Microsoft Web of
found by = Scholar Academic Scopus Dimensions Science cocl
% of
cit.in J ... Qf} Qj @ QQ @ @
K i '\‘. ", =t o T S 1
| sources
. combined | i‘.‘
L 88% 60%
Google
'\ Scholar
Microsoft
' Academic |
_ I\ 89%
Scopus :
N 90% 82% 84% 83% w
Dimen- \ ( ] \
sions I \
83% w
! Webof . '
. Science \ | ]
cocl
94% { 98% 86%

Figure 1. Percentage of citations found by each database, relative to all citations (first row), and relative to
citations found by the other databases (subsequent rows)
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For Microsoft Academic, Scopus, Dimensions, and WoS, the relative overlap between
any two of these sources ranges from high (WoS found 73% of the citations found by
Microsoft Academic) to almost full overlap (Dimensions found 98% of the citations
available in COCI). Figure 1 shows that it is not always the case that the larger the
source, the higher the proportion of citations from another source that it will be able to
find. For example, Dimensions found 80% of the citations available in Microsoft
Academic, while Scopus (larger than Dimensions) found 77%. The cause of this might
be that both Microsoft Academic and Dimensions cover non-journal content, such as
preprints, while Scopus does not. Scopus found 93% of the citations found by WoS, while
Microsoft Academic (larger than Scopus) found 86%. Dimensions was able to find the
highest proportion of COCI citations (98%) out of all the other sources (including Google
Scholar).

3.1.2. Overlaps within the full set of citations

A quarter (26%) of all citations were found only by Google Scholar (Figure 2), 21% of the
citations were found by the six sources, while 18% were found by all sources except
COCI. The remaining 35% were found by combinations of four or less data sources, and
the highest values were found in sectors that include Google Scholar and/or Microsoft
Academic.

- & 21
E 20 18
[]
c
g
®
= 10
6
= T 2 2 22
) I.I----;L;L;L;;.L;.L.L;
| Google Scholar @ :
| Microsoft Academic [ ]
] Scopus ([ ]
| Dimensions [ ]
| Web of Science [ ]
|| COCI
75 50 25 0
Set size Combinations of data sources. Combinations with <1% were omitted (98% shown

Figure 2. Overlaps of citations found by Google Scholar, Microsoft Academic, Scopus, Dimensions, Web of
Science, and COCI. Values expressed as percentages relative to N = 2,918,105 citations to 2,319
documents. Combinations with values below 1% are not displayed.

When considering all possible pairwise combinations (Figure 3), the pairs of data sources
that are most similar in terms of full citation overlap are Scopus/WoS (78% of all citations
found by either were found by both), followed by Scopus/Dimensions (75%),
Dimensions/WoS (75%), and Microsoft Academic/Dimensions (74%). Pairs that include
Google Scholar or COCI display lower percentages of overlap: in the case of Google
Scholar this is caused by the extra coverage in Google Scholar that is not found in the
other sources, while for COCI the reason is the opposite.
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2,869,033 citations to 2,500 documents

A O Google Scholar O Microsoft Academic

2,842,924 citations to 2,447 documents

B O Google Scholar @ Scopus

2,794,296 citations to 2,478 documents

O Google Scholar O Dimensions

2,668,819 citations to 2,342 documents

D O Google Scholar @ Web of Science

2,731,376 citations to 2,491 documents

E O Google Scholar @ COCI

2,124,363 citations to 2,435 documents

O Microsoft Academic @ Scopus

1,989,013 citations to 2,467 documents

G O Microsoft Academic O Dimensions

1,958,429 citations to 2,331 documents

H O Microsoft Academic @ Web of Science

1,887,854 citations to 2,479 documents

O Microsoft Academic © COCI

1,922,097 citations to 2,425 documents

J © Scopus O Dimensions

1,784,193 citations to 2,321 documents

1,820,313 citations to 2,437 documents

K @ Scopus @ Web of Science

@ Scopus © COCI

1,765,402 citations to 2,323 documents

M O Dimensions © Web of Science

1,665,189 citations to 2,473 documents

N O Dimensions © COCI

1,618,180 citations to 2,336 documents

© Web of Science © COCI

Figure 3. Comparison of citing document overlaps between Google Scholar, Microsoft Academic, Scopus,

Dimensions, Web of Science, and COCI (pairwise). Figures within Venn diagrams expressed as

percentages.

13




3.2. Analysis by subject areas and categories

3.2.1. Relative overlap

Disaggregating the data by broad subject areas provides a more detailed picture of the
coverage of these sources. Google Scholar found the great majority of citations (85%-
90%) in all eight subject areas (Table 3) and COCI found the fewest. COCI has
differences in coverage across areas: in the Humanities and Social Sciences it found
18%-20% of all citations, while in the STEM areas (Science, Technology, Engineering,
and Mathematics) it found a higher proportion of citations (27%-32%).

Between these two extremes, the other four sources (Microsoft Academic, Scopus,
Dimensions, and WoS) tend to have similar coverage of each field, but differences
between fields (Table 3). They have more comprehensive coverage for Chemical &
Material Sciences (69%-72%), followed by Life Sciences & Earth Sciences (60%-68%).
Conversely, their coverage is much lower in Humanities, Literature & Arts (25%-39%),
Social Sciences (33%-47%) and Business, Economics & Management (29%-47%).
Among these four, Microsoft Academic seems to have the most comprehensive
coverage, except in Physics & Mathematics, where it found fewer of the citations (57%)
than the other sources.

Table 3. Percentage of citations found by each data source, relative to the total number of citations found
overall and by broad areas.

% of citations found (relative to N)

| Sovmle  Micresoft Scopus Dimensions _veb o COC)

Humanities, Literature & 89,337 | 87% 39% 31% 29% 25% | 18%
Social Sciences 406,661 88% 47% 40% 36% 33% 20%
Business, 'fvf:::;:z & 235333 88% 47% 34% 32% 29% | 19%
Engineering & Computer 691,164 | 88% 63% 61% 54% 48% | 30%
Physics & Mathematics 317,320 90% 57% 64% 59% 59% 36%
Health & Medical 1,001,507 | 85% 63% 59% 58% 51% | 27%

Life Sciences & Barth 571,817 | 89% 68% 64% 63% 60% | 32%
Chemical &s'z'iztrfzfs' 253,990 | 90% 69% 75% 72% 72% | 32%

Further disaggregating the data to identify the percentage of relative citation overlap for
each pair of sources in each subject area (Table 4), the patterns for the complete dataset
(Figure 1) recur. Google Scholar consistently found most citations found by the other
sources across all areas; there is a higher relative overlap between Microsoft Academic
and Dimensions/COCI than between Microsoft Academic and Scopus/WoS; conversely,
the relative overlap between Scopus and WoS is always higher than between Scopus
and other sources; the highest relative overlap in each area is always for
Dimensions/COCI; Microsoft Academic seems to lack coverage in Physics &
Mathematics, as evidenced by its lower relative overlap in this area.
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Table 4. Relative pairwise overlaps between data sources (%). Overall and by broad subject areas.

A. Humanities, Literature & Arts

... that are also
found by = | Google Microsoft . : Web of
Percentage Scholar Academic Scopus Dimensions Science cocl
of citations in { ...
Google Scholar 39% 33% 30% 29% 19%
Microsoft Acad. 86% 57% 62% 53% 42%
Scopus 84% 68% 65% 68% 42%
Dimensions 89% 86% 75% 69% 59%
Web of Science 87% 73% 80% 70% 46%
COCl 93% 92% 77% 94% 73%
B. Social Sciences
... that are also
foundby = | Google Microsoft : : Web of
Percentage Scholar | Academic Scopus Dimensions Science CoCl
of citations in I ...
Google Scholar 48% 41% 39% 37% 22%
Microsoft Acad. 88% 66% 69% 60% 40%
Scopus 89% 78% 75% 76% 43%
Dimensions 93% 90% 83% 76% 54%
Web of Science 92% 82% 88% 81% A47%
COCl 96% 95% 85% 96% 80%
C. Business, Economics & Management
... that are also
foundby = | Google Microsoft . . Web of
Percentage Scholar | Academic Scopus Dimensions Science cocl
of citations in I ...
Google Scholar 46% 35% 34% 31% 20%
Microsoft Acad. 85% 58% 61% 52% 36%
Scopus 91% 80% 77% 75% 45%
Dimensions 93% 90% 82% 75% 55%
Web of Science 93% 84% 87% 83% 50%
COcCl 94% 92% 83% 95% 78%
D. Engineering & Computer Science
... that are also
found by = | Google Microsoft . : Web of
Percentage Scholar Academic Scopus Dimensions Science cocl
of citations in { ...
Google Scholar 65% 62% 58% 55% 32%
Microsoft Acad. 90% 79% 78% 70% 43%
Scopus 89% 82% 81% 79% 45%
Dimensions 93% 91% 91% 82% 53%
Web of Science 93% 86% 94% 87% 49%
COCI 94% 94% 92% 97% 83%
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Table 4 (cont.) Relative pairwise overlaps between data sources. Overall and by broad subject areas.

E. Physics & Mathematics

... that are also
found by = | Google Microsoft . . Web of
Percentage Scholar | Academic Scopus Dimensions Science Cocl
of citations in { ...
Google Scholar 58% 65% 61% 61% 37%
Microsoft Acad. 91% 83% 83% 78% 48%
Scopus 91% 74% 85% 87% 52%
Dimensions 93% 80% 93% 88% 60%
Web of Science 93% 75% 95% 88% 55%
COCl 92% 77% 94% 98% 90%
F. Health & Medical Sciences
... that are also
foundby = | Google Microsoft : : Web of
Percentage Scholar Academic Scopus Dimensions Science cocl
of citations in I ...
Google Scholar 64% 61% 62% 58% 29%
Microsoft Acad. 87% 78% 84% 75% 41%
Scopus 88% 84% 86% 84% 40%
Dimensions 91% 91% 86% 82% 45%
Web of Science 95% 87% 92% 89% 43%
COCl 94% 96% 89% 99% 86%
G. Life Sciences & Earth Sciences
... that are also
foundby = | Google Microsoft . . Web of
Percentage Scholar Academic Scopus Dimensions Science cocl
of citations in I ...
Google Scholar 69% 67% 67% 64% 34%
Microsoft Acad. 91% 82% 86% 80% 45%
Scopus 93% 88% 88% 88% 46%
Dimensions 94% 93% 90% 87% 50%
Web of Science 95% 91% 94% 91% 48%
COcCl 96% 96% 92% 98% 90%
H. Chemical & Material Sciences
... that are also
found by = | Google Microsoft . : Web of
Percentage Scholar Academic Scopus Dimensions Science cocl
of citations in { ...
Google Scholar 71% 78% 75% 75% 34%
Microsoft Acad. 93% 90% 92% 88% 43%
Scopus 93% 83% 89% 92% 40%
Dimensions 94% 89% 94% 91% 44%
Web of Science 94% 84% 96% 90% 41%
COCI 95% 93% 93% 98% 91%
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3.2.2. Full overlap

The differences in coverage between the older (Google Scholar, Scopus, WoS) and
newer (Microsoft Academic, Dimensions) sources across subject areas are also evident
from three-way comparisons (Figures 4, 6, and 8). The three-set combinations of data
sources that are not displayed here are accessible from Appendix 1. The combinations
that include more than one of the older sources are not included here because they were
discussed in a previous study (Martin-Martin et al., 2018) and the results have barely
changed. The combinations that include COCI are not displayed here because it is
essentially a subset of the other sources (especially Dimensions).

Venn diagrams for the 252 specific subject categories are also accessible from Appendix
1. Figures 5, 7, 9 and 10 display the distribution of the proportions of citations that would
fall in each section of the Venn diagrams calculated at this level of aggregation, for
various pairs of data sources. The remaining combinations are accessible from Appendix
2.

Google Scholar and the new sources: Microsoft Academic, and Dimensions

For Google Scholar, Microsoft Academic, and Dimensions, the largest percentages of
full overlap (citations found by the three sources) occur in the STEM fields (Figure 4).
These range from 46% in Physics and Mathematics, to 63% in Chemical and Material
Sciences. Full overlap in the areas of Humanities and Social Sciences is distinctly lower
(25%-34%). This is caused by lower coverage of these areas in Microsoft Academic and
Dimensions. The percentage of citations in Microsoft Academic and/or Dimensions that
is not covered by Google Scholar ranges from 6% (in Chemical and Material Sciences)
to 11% (in Health & Medical Sciences).

At the level of specific subject categories, for pairwise comparisons between Google
Scholar/Microsoft Academic and Google Scholar/Dimensions (Figure 5) the general
trend of the subject area is followed, with variations in some subject categories. The
variation seems to be higher between Google Scholar/Dimensions than between Google
Scholar/Microsoft Academic. Nevertheless, in both comparisons the percentages in the
sector “Only in Google Scholar” are higher in the Humanities and Social Sciences, and
lower in STEM fields. The sector “In both data sources” almost mirrors the one above,
and the sectors “Only in Microsoft Academic” and “Only in Dimensions” have values
almost exclusively below 10%, with two major exceptions. These correspond to the
categories Astronomy & Astrophysics ', and Psychology '®. In these two categories,
many citations found by Microsoft Academic and Dimensions were not found by Google
Scholar. In the case of Psychology, the low citation coverage in Google Scholar is
caused by one extremely highly-cited document (Using thematic analysis in psychology,
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