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ABSTRACT

While computer science papers frequently include their associated
code repositories, establishing a clear link between papers and their
corresponding implementations may be challenging due to the
number of code repositories used in research publications. In this
paper we describe a lightweight method for effectively identifying
bidirectional links between papers and repositories from both La-
TeX and PDF sources. We have used our approach to analyze more
than 14000 PDF and Latex files in the Software Engineering cate-
gory of Arxiv, generating a dataset of more than 1400 paper-code
implementations and assessing current citation practices on it.
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« Applied computing — Document analysis; « Software and
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1 INTRODUCTION

Research software (i.e., the scripts and tools developed to support
the results described in scientific publications) [11] is increasingly
recognized as a key asset in academic curricula.!

In order to provide researchers with the appropriate credit, the
scientific community has proposed software citation principles [21]

Uhttps://sfdora.org/read/
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and formats [5] that have been adopted by popular code platforms
such as GitHub.?

While studies have started assessing the relationship between
code repositories and academic publications [4, 7, 22] to date, it
remains challenging 1) to establish a clear link between research
papers and their corresponding software implementations; and 2)
to identify whether best citation practices for software are being
followed both from articles and their corresponding code reposito-
ries.

In this paper, we propose a method to connect scientific papers
with their corresponding code repositories (out of all the tool URLs
used in a paper). Our approach searches both articles and code
repositories for mutual references, creating a bidirectional link
when they are found. Our contributions include:

(1) Two lightweight and reusable article-code repository ex-
traction pipelines, both for Latex and PDF sources.

(2) A dataset® of 1485 bidirectional correspondences be-
tween articles and code implementations in the Software
Engineering category in Arxiv (CS.SE).

(3) A study of the software citation best practices in our ex-
tracted dataset.

Ultimately, we aim to promote the importance of traceability, em-
phasizing its significance to both the academic and developer com-
munities.

The rest of the paper is structured as follows: Section 2 describes
initiatives related to our work. Section 3 describes our extraction
pipelines, while Section 4 and Section 5 describe our dataset and
study, respectively. Section 6 discusses the benefits and limitations
of our work, and Section 7 concludes the paper.

All code used to calculate the results of this paper can be found
on Github* (v0.0.1) [3].

2 RELATED WORK

A number of initiatives have explored the role of research software
in scientific publications [4, 7, 22] and the importance of academic
credit in software development [14]. Platforms like PapersWith-
Code’ list the implementations associated with paper publications,
based on human feedback, while works like Heumiiller et al. [13]

Zhttps://docs.github.com/en/repositories/managing- your-repositorys-settings-and-
features/customizing-your-repository/about-citation-files
Shttps://doi.org/10.5281/zenodo.10307603
“https://github.com/oeg-upm/bidirectional_paper_repository_scripts
Shttps://paperswithcode.com/
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rely on manual curation analysis of hundreds of papers in com-
puter science engineering to assess the availability of their imple-
mentations. These efforts result in high-quality paper-repository
implementation datasets, but do not assess code citation practices
and require significant manual effort to generate and curate.

Other analyses such as Hata et al. [12] focus on describing the
challenges of link-paper traceability, while Wattanakriengkrai et
al. [22] look at GitHub code repositories to find links pointing back
to papers, in order to quantify the frequency of these links. At a
more granular level, Inokuchi et al. [15] also search for citation
links in code comments. The scope of these works is different from
ours, where we detect and study the bidirectional relationships
between papers and code.

In recent years, initiatives like Softcite [6] have started detecting
tool names from research articles. Istrate et al. [16] build on Soft-
cite to generate a large extraction of tool mentions in millions of
publications. The main focus of these works is finding tool names
to detect citation networks, rather than detecting tool implementa-
tions associated with each publication.

Schindler et al. [20] go a step further by assessing the role of a
tool mention in a publication (i.e., whether it was created, reused,
or referenced). However, to date, this remains an open research
challenge.®

Finally, recent work [18] proposes an automated method for
extracting implementations of publications and assessing their
README files to label their metadata (similar to Kelley and Gar-
ijo [17]). However, the implementation and training data associated
with this effort are not openly accessible, and the tool used for PDF
to text generation presents limitations when detecting footnotes (a
common means for referring to software repositories). Instead, our
approach reliably detects tool-paper implementations, which we
use to assess current citation practices.

3 EXTRACTING CODE REPOSITORIES FROM
RESEARCH PAPERS

Our aim is to propose a lightweight, precise method to create a
dataset with the main code implementations of a corpus of research
publications. This may be challenging, since many code repositories
may be mentioned in a paper. Our rationale is to select those code
repositories mentioned in a paper that include a citation back to the
paper itself, i.e., where we find a bidirectional paper-code repository
link. Note that a paper may have more than one associated code
repository.

Figure 1 shows an overview of the two methods used to detect
the bidirectionality between a paper and a code repository. First, if a
code repository (e.g., GitHub, GitLab) is mentioned in a paper, we ac-
cess it and look in the corresponding README file and citation files
(Bibtex, CITATION.CFF) whether there is a link back to the paper.
This link is often found through a Digital Object Identifier (DOI),
but in some cases the article may have been accepted in another
venue, and hence the DOI does not correspond to Arxiv anymore.
In those cases, we match the papers with their corresponding title
(exact match).

®Community efforts include https://github.com/karacolada/
SoftwareImpactHackathon2023_SoftwareCitationIntent
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Figure 1: Methods used to detect bidirectionality links be-

tween papers and code

Second, if a paper includes a link to a software deposit such as
Zenodo, we download the contents and look for a link back in the
description and README file of the deposit.

Given that papers may be available in different formats, we
propose two main means for link extraction: from Latex sources
and from PDF. We briefly describe them below:

- Our Latex extraction pipeline’ [10] takes as input the Latex
sources of a project, e.g., from Arxiv, and produces as output a CSV
with the bidirectional links found by using regular expressions. All
latex sources are merged into a single file, which is the one used for
the extraction. With all candidate URLs, we use the GitHub API to

retrieve paper metadata and the README file of a target repository.

- Our PDF pipeline® [2] takes as input the PDF file of a publication
and converts it into text using Apache Tika,” a lightweight PDF
to text converter. Tika was chosen ahead of other popular options
such as GROBID [1] due to its speed and its ability to correctly
extract the text in footnotes. Similar to the Latex pipeline, we use
regular expressions to retrieve the list of candidate URLs from the
resultant text. We also use SOMEF [17, 19], a Software Metadata
Extraction framework that looks for citation content in the whole
code repository, not just the README file.

The rationale for the development of both pipelines was to assess
the robustness of our proposed method and to take into account
any potential links that may be missing. For example, in some cases,
the PDF to text extraction breaks links in several lines (making
them hard to detect), while in others the only available source is
PDF, not Latex.

In order to assess our extraction pipelines, two of the authors
annotated a gold corpus of 150 Arxiv papers by hand.!? The corpus
includes several types of bi-directionality paper-repository links
(e.g., repositories including just the title of the paper, Arxiv URLs
or DOIs in the README file, using citation files, repositories in
different code platforms, etc.). In the rare cases where annotators

"https://github.com/ctreude/SoftwarelmpactHackathon2023_BiDirectional
8https://github.com/SoftwareUnderstanding/RSEF
“https://github.com/chrismattmann/tika-python
WOhttps://doi.org/10.5281/zenodo.10316689
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Pipeline | Precision | Recall | F1
Latex 1 0.7 0.83
PDF 1 0.94 0.97

Table 1: Precision, recall and F1 score for the bidirectional
link extraction pipelines

disagreed about the presence of an Arxiv URL or DOI of the paper
in a repository, a third annotator, also an author, reviewed and
joined the discussion to reach a decision on the final value of the
bi-directionality. Table 1 shows the results of both pipelines on
our gold standard. Both pipelines are very precise (no incorrect
links detected) with a high recall (0.7 for Latex and 0.94 for PDF
files). Some of the errors are derived from heterogeneous PDF and
latex formatting errors, and article-repository title mismatches as
discussed in Section 6.

4 BIDIRECTIONAL PAPER-REPOSITORY
DATASET

We used the Arxiv API!! to download all available papers from
the Computer Science - Software Engineering category (CS.SE, the
one closest to our expertise), in order to assess our approach. In
total, we downloaded 14760 pdf papers that range from 1998 until
Nov 2023. 10826 Latex sources were found for those papers and
downloaded as well.

In total, our Latex and PDF pipelines found 1410 articles with
1485 bidirectional links to code repositories (some articles contain
more than one bidirectional implementation). Of them, 592 papers
were found by both pipelines, while an additional 780 were found
only by the PDF pipeline. This makes sense, since nearly four thou-
sand more papers were available in PDF for analysis. Interestingly,
the Latex pipeline detects 46 links that were not found in its PDF
counterpart. After a manual inspection, it turns out that many of
these links are not available in the corresponding PDFs, but are
commented out in the Latex files. We consider these links to be cor-
rect, as the code repositories exist and link back to their respective
publications.

Our bidirectional article-repository dataset is available online [9].

5 STUDY: A BIDIRECTIONAL ANALYSIS IN
SOFTWARE ENGINEERING

In order to demonstrate the usefulness of our dataset, we con-
ducted a small study to assess the Open Science best practices in
the Software Engineering papers in Arxiv. We propose the following
research questions:

e RQ1: In all papers from the cs.SE category on ArXiv, how
many provide direct links to GitHub and GitLab repositories
or Zenodo archives?

e RQ2: How many of the provided links to GitHub or Zenodo
in the cs.SE papers on arXiv are reciprocated with links
from the platforms back to the paper?

e RQ3: What are the current citation practices in bidirectional
repositories? Are best practices for software citation being
adopted?

Hhttps://info.arxiv.org/help/api/index.html
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I #bidir M #non bidir
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Figure 2: Number of papers with bidirectional links per year
(bidir) in the CS.SE category until Nov 2023

% bidir

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

year

Figure 3: Percentage of papers with bidirectional links per
year in the CS.SE category until Nov 2023

To answer RQ1, around 80% of detected links point to GitHub
repositories. Table 2 shows the number of papers that include links,
along with their platform. In our study, we restrict ourselves to
GitHub, GitLab, and Zenodo links, as these are among the most pop-
ular platforms for depositing and versioning code [7]. Remarkably,
an average of 1.5 links per paper are reported, which has grown
considerably in the most recent years following the trends for Open
Science.

As for RQ2, Figure 2 shows the number of papers available in
Arxiv through the years, compared with the number of bidirectional
links found in them (in red). Figure 3 drills down in the comparison
by showing the percentage of papers with bidirectional links per
year (note that the dataset covers until Nov 2023, hence the last year
may not be fully complete). Overall, less than 15% of the papers
report an implementation with a bidirectional link. Another fact to
consider is that GitHub, GitLab, and Zenodo appeared after 2008,
with the first bidirectional links appearing in 2014.

Finally, regarding RQ3, Table 3 shows the citation practices fol-
lowed by all code repositories found. Since the Findable, Accessible,
Interoperable and Reusable (FAIR) principles for data [23] were pro-
posed in 2016, the Software Citation Principles [21] and the Citation

291

292

294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348


https://info.arxiv.org/help/api/index.html

362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406

MSR 2024, April 2024, Lisbon, Portugal

Pipeline | GitLab | Zenodo | GitHub | Total
PDF 7 273 1159 | 1439
Latex 0 40 638 678

Table 2: Type of links extracted by each pipeline. Some papers
may have more than one bidirectional link

Citation practices description | Bibtex | CFF | title
# Bidirectional papers 759 307 | 49 | 353
Table 3: Citation practices among the bidirectional dataset.
We distinguish whether the DOI is included in the README
file, whether the match is done against a citation done in
Bibtex, whether a CFF file exists, or whether the title of the
paper is included in the README file.

File Format [5] have been developed to aid in research software
citation. Table 3 shows a summary of the citation methods followed
by the code repositories linking back to papers. Despite current
recommendations, it seems like a majority of researchers tend to
include citation details directly in their README description or
code repository title. Bibtex is still the preferred method to propose
a software citation, while CFF is last (it was proposed in 2021, and
its adoption may not yet be widespread). In many cases, researchers
add a link to their papers using plain text in the README file. With
the support for CFF in GitHub, we expect this number to grow in
the following years.

6 DISCUSSION

With the adoption and continued development of the FAIR princi-
ples and Open Science best practices, there is a need for detecting
research outputs associated with scientific publications. Our dataset
and extraction pipelines are a unique resource for aiding in this
task, since 1) they can be used to detect additional bidirectional
implementations of research publications and 2) since our results
are very precise, they can be used to create new corpora of annota-
tions (paragraphs, footnotes, and references) to train ML models
for citation intent classification.

As for limitations, in this paper we aimed at creating lightweight,
precise pipelines that detect bidirectional links between papers
and their code implementations. However, we do not address the
detection of uni-directional links, i.e., those papers that link to a
repository with their implementation, but where there is no link
back to the paper. Addressing this issue would require additional
text analysis to identify the sentiment of the paragraph describing
the tool mention, similar to the approach proposed by Lin et al. [18].
Additionally, our approach is sensitive to changes in titles and DOIs:
if an Arxiv paper links to a repository that links back to a paper
with different DOI and title, we will not find a match. Comparing
additional metadata (e.g., authors) may help address this issue.

As for the scope of our analysis, our dataset and pipelines focus
on detecting links to GitHub, GitLab, and Zenodo. However, a
number of software registries (e.g., ASCL,'2 SciCrunch,!3 etc.) may

2https://ascl.net/about
Bhitps://scicrunch.org/
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also be mentioned in domain-specific applications. Supporting the
detection of new platforms is possible with approaches similar to
Escamilla et al. [8], but detecting the link back to the corresponding
paper from those applications requires specific API adapters.

Finally, the results shown in the study may be affected by differ-
ent citation practices followed in research communities, countries
and journals. Extending the scope of this study in other domains
may uncover new citation practices.

7 CONCLUSIONS AND FUTURE WORK

In this paper we propose a dataset of bidirectional links between
papers in the Software Engineering (cs.SE) category in Arxiv and
their corresponding code implementations (GitHub, GitLab, and
Zenodo), along with the Latex and PDF pipelines used for their ex-
traction. Our extraction pipelines are very precise, lightweight, and
can be easily adapted to other areas to detect the current software
citation practices in different communities. We have illustrated the
usefulness of our dataset by presenting a small study with three
research questions, showing how software citation best practices
are slowly being adopted by the software engineering community
(although there is still room for improvement). An additional ben-
efit of our dataset is its potential to generate corpora of software
mentions, extending the current state of the art [6].

The dataset we have compiled and presented in this paper opens
many avenues for future research, particularly to understand and
enhance the synergy between academic publications and software
development in the field of software engineering. A particularly
interesting area of investigation is the co-evolution of academic
papers and their associated software artifacts. Researchers may use
this dataset to study how updates to Arxiv papers and correspond-
ing code repositories are interlinked over time, shedding light on
the iterative process of academic and software development. The
dataset may also be used to investigate the impact of software on
academic citation metrics: Do papers with associated open-source
software attract more citations or academic attention? A compara-
tive analysis of citation practices across different subfields within
software engineering may reveal discipline-specific trends and prac-
tices. There is also an opportunity to examine the geographical and
institutional distribution of these software projects, particularly
in the context of Open Science policies. Are regions with more
proactive Open Science mandates more likely to produce papers
with associated software repositories? This line of inquiry may
reveal how policy decisions at the governmental level influence
the adoption of Open Science practices within the academic and
software development communities.
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