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Short Bio: Roberto Di Cosmo

Computer Science professor in Paris, now working at INRIA

35+ years of research (Theor. CS, Programming, Software Engineering, Erdos #: 3)

25+ years of Free and Open Source Software

15+ years building and directing structures for the common good

1999 DemoLinux – first live GNU/Linux distro

2007 Free Software Thematic Group
150 members 40 projects 200Me

2008 Mancoosi project www.mancoosi.org
2010 IRILL www.irill.org
2015 Software Heritage at INRIA

2018 National Committee for Open Science, France

2021 EOSC Task Force on Infrastructures for Software,
European Union
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This talk in one sentence Nature, 2025

A Nature call to action
Nature commentary, October 2025
doi:10.1038/d41586-025-03196-0

This talk is the how-to behind that call: how
to archive, reference, describe, cite and credit
research software — concretely, and today.
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https://www.nature.com/articles/d41586-025-03196-0


Software is a pillar of Open Science

Software powers modern research

Over 20% of arti-
cles using software
across all disciplines
share it
2024 French Open

Science Monitor

Key pillar: software

Links are important

Nota Bene
software may be a tool, a research outcome and a research object

access to the source code is essential!

Preserving (the history of) source code is necessary for reproducibility
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Software Source Code is Precious Knowledge

Harold Abelson, Structure and Interpretation of Computer Programs (1st ed.) 1985

“Programs must be written for people to read, and only incidentally for machines to execute.”

Apollo 11 source code (excerpt) Quake III source code ( excerpt )

Len Shustek, Computer History Museum 2006

“Source code provides a view into the mind of the designer.”
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https://archive.softwareheritage.org/swh:1:cnt:64582b78792cd6c2d67d35da5a11bb80886a6409;origin=https://github.com/virtualagc/virtualagc;visit=swh:1:snp:3c074afad81ad6b14d434b96e705e01d184752cf;anchor=swh:1:rev:007c2b95f301f9438b8b74d7993b7a3b9a66255b;path=/Luminary099/THE_LUNAR_LANDING.agc;lines=245-261/
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Software source code is not data (and FAIR is not the answer)

Software evolves over time

projects may last decades

the development history is key to its understanding

Complexity
millions of lines of code
large web of dependencies

easy to break, difficult to maintain
research software a thin top layer

sophisticated developer communities
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Python dependencies
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induced by package granularity

The human side
design, algorithm, code, test, documentation, community, funding

and so many more facets . . .
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How are we managing our software ?

Reproducibility, maintenance in Academia

  

(articles: here, here, here and here)

Security, integrity, traceability in Industry

Can they track the software that they

ship, use, acquire

has that bug or vulnerability
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https://www.nature.com/articles/s41597-022-01143-6
https://ieeexplore.ieee.org/document/8816763
https://www.quantamagazine.org/crucial-computer-program-for-particle-physics-at-risk-of-obsolescence-20221201/
http://reproducibility.cs.arizona.edu/tr.pdf


Collberg’s report from the trenches

Analysis of 613 papers

8 ACM conferences: ASPLOS’12,
CCS’12, OOPSLA’12, OSDI’12,
PLDI’12, SIGMOD’12, SOSP’11,
VLDB’12

5 journals: TACO’9, TISSEC’15,
TOCS’30, TODS’37, TOPLAS’34

all very practical oriented

The basic question

can we get the code to build and run?

The workflow
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The result measuring (not even) reproducibility in 613 papers

. . .

. . . that’s a whopping 40% of non reproducible works!
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Pressure to make research code available is now raising

Evaluation of software artefacts from optional contest to standard practice

Started as contest (ESEC/FSE 2011, winner Vouillon and Di Cosmo)

Now a near-universal standard: ACM Artifact Review and Badging v1.1
(5 badges, left)

Adopted across computer science communities:

PL/SE: POPL, PLDI, OOPSLA, ICFP, ECOOP, ICSE, FSE, MSR, ISSTA, CAV

Systems: OSDI, SOSP, NSDI, EuroSys, ASPLOS, MICRO, ISCA, HPCA

Security: USENIX Security (availability mandatory in 2025), CCS, NDSS, IEEE S/P

HPC and DB: SC (Repro. Initiative), SIGMOD (ARI), VLDB

Best-of-breed exemplars:

IPOL: peer-reviewed papers ship code + runnable in-browser demo (e.g. non-local-means denoising)

Graphics Replicability Stamp: 478 graphics papers independently reproduced

EuroSys 2025: 93% of papers earned "Functional"; ~47% pursued "Results Reproduced"
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https://www.acm.org/publications/policies/artifact-review-and-badging-current
https://collegeville.github.io/sc-reproducibility/
https://reproducibility.sigmod.org/
https://www.ipol.im/
https://www.ipol.im/pub/art/2011/bcm_nlm/
http://www.replicabilitystamp.org/


. . . and spreading beyond computer science

Economics and social sciences

AEA Data Editor (Vilhuber, Cornell): mandatory code+data audit for all AEA journals (AER,
AEJ family), since 2019

cascad: non-profit certification agency (CNRS, HEC Paris, GENES, X); warrants numerical
reproducibility, 170+ certifications

Life sciences, geography, and cross-disciplinary

CodeCheck (Eglen, Nüst): independent execution of paper code; partner journals incl.
GigaScience, Lifecycle Journal, Reproducible AGILE

ReScience C: open peer-reviewed journal dedicated to replications of computational
research

A pan-disciplinary standard

NISO RP-31:2021: extends ACM-style badging to all sciences
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https://aeadataeditor.github.io
https://cascad.tech
https://codecheck.org.uk
https://rescience.github.io
https://www.niso.org/publications/niso-rp-31-2021-badging
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Archive, Reference, Describe, Cite and Credit

Archive
Research software artifacts must be properly archived

make sure we can retrieve them (reproducibility)

Reference
Research software artifacts must be properly referenced

make sure we can identify them (reproducibility)

Describe
Research software artifacts must be properly described

make it easy to discover and reuse them (visibility)

Cite/Credit
Research software artifacts must be properly cited (not the same as referenced!)

to give credit to authors (evaluation!)
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Archive and reference: some popular approaches that do not fit the bill

A - Since the 1970’s 1990’s
.zip or .tar file on:

ftp server (e.g. gnu)

web page (example)

document archive (+ DOI sample)

B - Since the 2000’s
Rely on software forges

institutional/project (e.g. example)

free commercial ones: BitBucket,
GitHub, GitLab, . . . (e.g. parmap)

C: a mix of the two

Can get no satisfaction. . .

A Poor user experience

B No preservation guarantee

C Can do so much better
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https://ftp.gnu.org/
https://www.dicosmo.org/FreeSoftware/isocompr/
https://doi.org/10.6084/m9.figshare.11629095.v1
https://gitlab.inria.fr/gt-sw-citation/bibtex-sw-entry
https://github.com/rdicosmo/parmap


Forges are not archives!

2015: the first big bad news

Google Code and Gitorious.org shutdown: ~1M endangered repositories

broken links in the web of knowledge (my papers too)

Big bad news keep coming in

summer 2019: BitBucket announces Mercurial VCS sunset

july 2020: BitBucket erases 250.000+ repositories (including research software)

summer 2022: GitLab.com considers erasing all projects that are inactive for a year

In Academia too!

2021: Inria’s old gforge is unplugged. . . breaks the Opam build chain for OCaml

We need a universal archive of software source code: now we have one!
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Software Heritage in a nutshell www.softwareheritage.org

T H E  G R E AT  L I B R A RY  O F  S O U RC E  C O D E

Collect, preserve and share all software source code

Preserving our heritage, enabling better software and better science for all

Reference catalog

find and reference all
software source code

Universal archive

preserve and share all
software source code

Research infrastructure

enable analysis of all
software source code
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An international, non profit initiative built for the long term

Sharing the vision

And many more ...
www.softwareheritage.org/support/testimonials

Donors, members, sponsors

Platinum sponsors

Gold sponsors

Silver sponsors

Bronze sponsors

Diamond sponsors
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The largest software archive, a shared infrastructure
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Address common Open Science and Open Source needs: archival

Git
loader

Mercurial
loader

Debian source
package loader

pypi source
package loader

.

.

.

Software Heritage Archive
Merkle DAG + blob storage

Loading
& deduplication
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git git
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Forges
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.

.

.
Distros

...

Scheduling

Listing
(full/incremental)

tar

origins

snapshots

releases

revisionsrevisions

directoriesdirectories

contents

Global development history permanently archived in a uniform data model

over 29.5 billion unique source files from over 441 million software projects

~3PB (compressed) blobs, ~60 B nodes, over 1 trillion edges
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Meet the SWHID identifier

Software Hash Identifiers (SWHID) link to full docs

25+B
intrinsic,
decentralised,
cryptographic

Full fledged source code references for traceability, integrity and reproducibility

Linux Foundation SPDX 2.2

IANA-registered "swh:"
WikiData property P6138

Examples: Apollo 11 AGC excerpt, Quake III rsqrt
Guidelines available, see the HOWTO

Now an ISO standard: ISO/IEC 18670:2025 ref.
implementation: swh.model
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https://docs.softwareheritage.org/devel/swh-model/persistent-identifiers.html
https://www.softwareheritage.org/2020/07/09/intrinsic-vs-extrinsic-identifiers/
https://www.softwareheritage.org/2020/07/09/intrinsic-vs-extrinsic-identifiers/
https://www.softwareheritage.org/2020/07/09/intrinsic-vs-extrinsic-identifiers/
https://spdx.github.io/spdx-spec/appendix-VI-external-repository-identifiers/#persistent-id
https://www.wikidata.org/wiki/Property:P6138
https://archive.softwareheritage.org/swh:1:cnt:64582b78792cd6c2d67d35da5a11bb80886a6409;origin=https://github.com/virtualagc/virtualagc;lines=245-261/
https://archive.softwareheritage.org/swh:1:cnt:bb0faf6919fc60636b2696f32ec9b3c2adb247fe;origin=https://github.com/id-Software/Quake-III-Arena;lines=549-572/
https://www.softwareheritage.org/howto-archive-and-reference-your-code/
https://www.iso.org/standard/89985.html
https://pypi.org/project/swh.model/


How a SWHID is built: a Merkle DAG of the development history
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A revolutionary infrastructure designed for software source code

The graph of public software development
Snapshots

Releases

Revisions

Directories

Contents

All software development
in a single graph . . .

enable traceability

The global ledger of public code

. . . a Merkle graph

ensure
integrity

A pillar of Open Science
Reference archive of
Research Software

reproducibility

reference

Reference platform for Big Code
uniform data structure

large scale studies

cybersecurity

machine learning, AI, . . .
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Extrinsic vs Intrinsic identifiers

In a nutshell (for more info see this dedicated blog post)

Main difference: how the relation between identifier and designated object is created and
maintained. Persistence is a key desired property.

Extrinsic Intrinsic
relation register convention

persistence external1 internal

pre-internet passport number, Music/Chemistry notations
ISBN, SSN, etc. e.g. NaCl is table salt

internet era DOI, Handle, Ark, etc. cryptographic hashes
e.g.: git, bitcoin, SWHID

distributed software development (e.g. git) relies on intrinsic identifiers we need a
uniform intrinsic identifier

1"persistence... is a function of administrative care" RFC 3650 (Handle System Overview, 2003)
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https://tools.ietf.org/html/rfc3650


What a zip + DOI cannot do the usual "archive your code" advice

A DOI pointing to a Zenodo zip

resolves to a snapshot you must trust —
no built-in integrity check

one opaque blob: no history, no diff,
nothing addressable inside it

granularity stops at "the whole deposit"

A SWHID

intrinsic: the identifier is the
cryptographic hash → self-verifying

addresses any level: snapshot / revision
/ directory / file / lines

works for any VCS (git, hg, svn) and for
plain tarballs

a DOI answers “which deposit?”; a SWHID answers “exactly which bytes, and prove it”
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The tools: compute a SWHID yourself five implementations, one answer

A SWHID is a content-derived identifier: every implementation must agree, or it is a bug.

# the Python CLI you will actually type (Software Heritage, GPLv3)
$ pip install ’swh.model[cli]’
$ swh identify --type directory some/tree/

The reference implementation is swhid-rs (Rust, SWHID Working Group). Also: OCaml, Go, Ruby, a JS
grammar — and a conformance test suite.

Catalogue: swhid.org/implementations Standard: ISO/IEC 18670:2025
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https://github.com/swhid/swhid-rs
https://github.com/swhid/test-suite
https://www.swhid.org/implementations/


Don’t trust, verify step 0: name what you are checking

The citation, as it appears in the bibliography
[SW Rel.] The Lua team, Lua version 1.0, July 28, 1993. PUC-Rio. vcs: https://github.com/lua/lua, swhid:
⟨swh:1:dir:f2f23a63f14744c612f4cf2e52497352a3d8ef53⟩

Everything that follows needs only two shell variables

# where the archive lives
$ ARCHIVE=https://archive.softwareheritage.org

# what we are checking: the Lua 1.0 source tree, exactly as cited above
$ SWHID=swh:1:dir:f2f23a63f14744c612f4cf2e52497352a3d8ef53

This is the whole trick: the identifier travels in the paper — and anyone can recompute it from the bytes,

with no account and no permission.
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Verify, step 1 "cook" the directory in the Vault

The archive stores a graph, not tarballs. Ask it to cook one for you — then wait.

# ask for it: POST creates the cooking task
$ curl -X POST "$ARCHIVE/api/1/vault/flat/$SWHID/"
{"id": 1234, "status": "new",
"swhid": "swh:1:dir:f2f23a63...",
"fetch_url": ".../vault/flat/swh:1:dir:f2f23a63.../raw/"}

# poll until it is ready: new -> pending -> done (or failed)
$ curl -s "$ARCHIVE/api/1/vault/flat/$SWHID/" | jq -r .status
done

Ask before you fetch. A GET on a directory nobody has cooked returns 404: Cooking of
swh:1:dir:... was never requested. Add ?email=you@example.org and the

archive tells you when it is done.
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Verify, step 2 download, unpack, recompute

# 1. download only once status said "done"
# (-OJ keeps the server’s filename)
$ curl -LOJ "$ARCHIVE/api/1/vault/flat/$SWHID/raw/"

# 2. unpack: one top-level dir, named after the SWHID
$ tar xf swh_1_*.tar.gz
$ DIR=$(tar tf swh_1_*.tar.gz | head -1)

# 3. recompute locally: offline, no account needed
$ swh identify --type directory "$DIR"
swh:1:dir:f2f23a63f14744c612f4cf2e52497352a3d8ef53

Same string as the $SWHID you started from. You did not have to trust the archive — or us.
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A walkthrough live, with a project you know

Four steps, on Lua

1 Browse — Lua is already archived
last full visit: 30 August 2026

2 Refresh it yourself — Save Code Now, or
the updateswh browser extension

3 Get a SWHID — pick any file, any line
4 Cite it — biblatex-software, Overleaf

ACMART template

Why Lua

Born at PUC-Rio. First contribution
1993-07-28 — the oldest project in the
Brazilian academic record. 9355 stars,

still active in 2026.

[SW Rel.] The Lua team, Lua version 1.0, July 28, 1993. PUC-Rio. vcs: https://github.com/lua/lua,
swhid: ⟨swh:1:dir:f2f23a63f14744c612f4cf2e52497352a3d8ef53⟩

Lua 1.0 — “It was never publicly released.” Archived anyway, and citable forever.
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SWHIDs in published research today, not hypothetically

D. Spinellis et al. MSR 2026 — 30 SWHIDs IEEE TSE, submitted 57 SWHIDs

swh:1:cnt:97c3d084ebf023031226faf869652ee65af59337;
anchor=swh:1:rev:70d7367daa048fda2c5c39d007e3b13a576419e9;
path=usr/sys/ken/slp.c;
lines=325

Ken Thompson’s scheduler, line by line — and in my own 2020 ReScienceC replication
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https://www.dicosmo.org/Articles/2020-ReScienceC.pdf


Software Heritage is a game changer

A universal archive

all the source code — even 20-line
snippets and data-mangling scripts

and, above all, the code your code
depends upon

A uniform intrinsic identifier SWHID

independent of the development
platform or technology

a full guarantee of integrity

Everything else in this talk — archive, reference, describe, cite — rests on these two.
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Archive in one click: the UpdateSWH browser extension

Check and refresh the archive from your repository page

for Firefox, Chrome and Edge; works on GitHub, GitLab, Bitbucket, Gitea, Codeberg

What the button does
green — up to date → open the archive /
copy the SWHID

yellow — outdated → update it (Save
Code Now)

grey — not archived yet → click to
archive

red — not archivable (private)

no account, no setup:
install and click
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Archive automatically: forge webhooks

Preserve every important version with zero ongoing effort

Add one webhook URL in your repository settings:

https://archive.softwareheritage.org/api/1/origin/save/webhook/github/

(also .../gitlab/ and .../bitbucket/)

recommended: trigger on tag, branch or release creation — not on every push

supported: GitHub, GitLab (and instances), Bitbucket, Gitea, SourceForge

see the Software Heritage webhooks guide
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Describe your software: CodeMeta and CITATION.cff

Machine-readable metadata that travels with the code

codemeta.json — a JSON-LD schema for software (authors, license,
references, funding, . . . ); Software Heritage uses it for the multi-granularity citation
button richer than CITATION.cff

CITATION.cff — the lightweight cousin; GitHub renders it as a “Cite this
repository” button can be generated from CodeMeta

No JSON by hand: the CodeMeta generator

fill in a web form→ download a ready
codemeta.json
codemeta.github.io/codemeta-generator

drop both files at the root of your repository→
archived and indexed by Software Heritage
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Cite software in your bibliography: biblatex-software
Four entry types, each carrying a swhid field, chained with crossref (in TeXLive; used by ACM templates since 2022):
@software the project as a whole @softwaremodule one component
@softwareversion a released version @codefragment a file, or a line range

What the archive’s Citation button gives you
@softwareversion{swh-dir-2775a5a,

author = {Di Cosmo, Roberto and Danelutto, Marco},
organization = {Inria and University Paris Diderot and University of Pisa},
license = {LGPL-2.0-only}, date = {2011-07-18}, year = {2011}, month = jul,
repository = {git+https://github.com/rdicosmo/parmap.git},
title = {Parmap}, version = {1.2.5},
swhid = {swh:1:dir:2775a5a092ca53c424b008fe168123c55ab1aa85;

origin=https://github.com/rdicosmo/parmap;
visit=swh:1:snp:6146f8cebe5245a915c21ad9186ddb0acecbd1bf;
anchor=swh:1:rev:9022bdc093f3540cede505084969311473adbb09}

}

. . . and what biblatex-software renders with the shortswhid option
[SW Rel.] Roberto Di Cosmo and Marco Danelutto, Parmap version 1.2.5, July 18, 2011. Inria, University Paris Diderot,
and University of Pisa. lic: LGPL-2.0-only. vcs: git+https://github.com/rdicosmo/parmap.git, swhid:
⟨swh:1:dir:2775a5a092ca53c424b008fe168123c55ab1aa85⟩

the swhid makes the citation reproducible, long after URLs break
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What this means for a (PhD student/young) researcher

Starting with your next paper

archive the exact code behind every result (Save Code Now / deposit / webhook)

reference claims at the right granularity: a SWHID for the revision, directory, the
file, the lines

describe it: a codemeta.json (and a generated CITATION.cff) in every
repository

cite and credit it in the bibliography, like any other research output, use and
promote biblatex-software

As a reviewer or AEC member

ask authors for archival proof (a SWHID), not a fragile URL

one habit, applied every time, changes the norms of your community
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The floor is yours

don’t treat your code like an afterthought: record, share
and value it

the tools are ready — starting with your next paper

Explore deeper in the doctoral course notes

The Source Code of Science

these slides

References
UNESCO, Draft recommendations on Open Science 2021, (online)

French Ministry of Research, Second National Plan for Open Science 2021, (online)

EOSC SIRS Task Force, Scholarly Infrastructures for Research Software
2020, Publications office of the European Commission, (10.2777/28598)

R. Di Cosmo, Archiving and Referencing Source Code with Software Heritage
International Conference on Mathematical Software 2020 (10.1007/978-3-030-52200-1_36)

J.F. Abramatic, R. Di Cosmo, S. Zacchiroli, Building the Universal Archive of Source Code
CACM, October 2018 (10.1145/3183558) R. Di Cosmo roberto@dicosmo.org (CC-BY 4.0) Beyond FAIR Data 08/09/2026 35 / 35

https://github.com/rdicosmo/source-code-of-science/releases/latest/download/source-code-of-science.pdf
https://github.com/rdicosmo/source-code-of-science/releases/latest/download/source-code-of-science.pdf
https://annex.softwareheritage.org/public/talks/2026/2026-09-08-CBSoft-School.pdf
https://unesdoc.unesco.org/ark:/48223/pf0000378381.locale=en
https://www.enseignementsup-recherche.gouv.fr/cid159131/le-plan-national-pour-la-science-ouverte-2021-2024-vers-une-generalisation-de-la-science-ouverte-en-france.html
https://doi.org/10.2777/28598
https://dx.doi.org/10.1007/978-3-030-52200-1_36
https://doi.org/10.1145/3183558

	Introduction
	(Bad) SOTA
	Assessing the needs and a strategy to address them
	Meet Software Heritage: universal archive of source code
	Shedding some light on the reference/identifiers confusion
	Compute and verify a SWHID yourself
	Demo time!
	Practical tools for researchers
	Actions

