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Introduction

Mathematics has been both a driving force and a ben-
eficiary of digitisation from the very beginning. Comput-
ers entered mathematical institutes early on, enabling
previously unattainable calculations, and mathematical
research literature was among the first to be made availa-
ble electronically — both through new electronic journals
and extensive retro-digitisation efforts. Review databases
have long provided an overview of the state of research,
and extensive collections of mathematical objects such
as simulation data, integer sequences or special functions
have been available electronically for more than twenty
years. Platforms are widely used for collaborative work
and for rapid dissemination and discussion of results.

At the same time, mathematics depends more than
almost any other science on the reliability and complete-
ness of its body of knowledge. The intrinsic interdepend-
ence of mathematical concepts and theorems means
that errors in the knowledge corpus might propagate
dramatically. It is a characteristic feature of mathematics
that results which date far back in time are often high-
ly relevant. The half-life of mathematical knowledge is
considerable and typically significantly longer than that
of most other disciplines [KTW12, AT17, AHT17]. The
growing quantity, and above all the diversity of results,
pose a great challenge for safeguarding the standards
established in the past. Clearly, a close connection of the
various digital resources is of great value for mathemati-
cal research — it would both allow much more efficient
work (e.g., by avoiding duplicated efforts or reducing
routine tasks) and increase the chances for completely
new insights. Due to traditional business models, many
valuable resources have grown monolithically as closed
systems and, as a result, many desirable links have not
yet been created and are difficult to establish.

zbMATH! (formerly Zentralblatt fiir Mathematik)
has long been a comprehensive service with information
on mathematical publications, authors and references, as
well as more recently, on mathematical software. How-
ever, the reusability of this data for networked services
or research purposes has been severely restricted by the
traditional licensing model. Following a recommenda-
tion of the 2017 evaluation of FIZ Karlsruhe, the Joint
Science Conference of the German Federal Government

I https://zbmath.org
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and the German States in 2019 decided to support the
transformation of zbMATH into an open access plat-
form. As an immediate effect, the zbMATH database
will become open access from 2021, but the benefits for
the mathematical community will certainly go beyond
this, facilitating openly available data and the resulting
networked information. Here we want to outline the
next steps in this transition, as well as possible long-term
prospects.

Mathematical information systems: Status quo
and needs

Mathematical information has traditionally been stored
primarily in publications, but mathematical data is also
available today in a variety of other forms, such as math-
ematical software and research data, community plat-
forms, non-textual materials or educational content.
Such information is characterised by a high degree of
formalisation and longevity, whereby the linking of the
information requires a high quality of indexing, not least
due to the mathematical formulae. Indeed, publications
are still the most important medium for exchanging and
securing scientific results. With zbMATH and MathSci-
Net? there are two independent, high-quality reference
systems, thus providing excellent access to the published
literature. A growing proportion of mathematical publi-
cations are now available via open services like such as
arXiv3 or EuDMLA.

Classical publications are being supplemented by
an increasing amount of research data, which, howev-
er, are still available in mostly isolated form and have
hardly been indexed. Nevertheless, they are produced
and used by many mathematicians. Examples are the
number sequences in the On-Line Encyclopedia of Inte-
ger Sequences’, functions in the NIST Digital Library
of Mathematical Functions®, Calabi-Yau data’ or the
L-Functions and Modular Forms Database®. Mathemati-
cal modelling and simulation require and generate tera-
bytes of numerical data.

https://mathscinet.ams.org/mathscinet/index.html
https://arxiv.org

https://feudml.org

OEIS, https://www.oeis.org

DLMEF, https://dlmf. nist.gov
http://hep.itp.tuwien.ac.at/~kreuzer/CY/
LMFDB, https://www.Imfdb.org
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Community platforms play an increasingly important
role in the generation and exchange of information. An
excellent example is the Q&A forum MathOverflow®.
This is a source of information, especially for young
researchers, that should not be underestimated. Another
example are the PolyMath projects!?, in which mathe-
matical questions are explored collaboratively. Wikipe-
diall and Imaginary!? reach a broad audience beyond
the field of mathematics and make an essential contri-
bution to the dissemination of mathematical knowledge,
the popularisation of mathematics and scientific educa-
tion.

The last two examples in particular are also an excel-
lent illustration of the strength of open platforms: infor-
mation of a different nature and difficulty can be inte-
grated collaboratively, linked, and made available to the
general public. In general, the mathematical community
has been committed to open access to knowledge from
the very beginning, for example through extensive use
of the arXiv, early establishment of open journals or ini-
tiatives such as TheCostofKnowledge!3. As the survey
[NRW] shows, open access to mathematical knowledge
continues to have a very high status in the community —
only (and by a clear margin) quality assurance is consid-
ered more important. This is also important with respect
to the change of the publication landscape, in particular
to both secure openness and to avoid quality problems
caused by commercial incentives. Above all, the out-
standing importance of assured results for mathemati-
cal research can only be realised with the engagement of
the community, which expects to have the results of their
efforts openly available in return.

In order to meet these needs, the broadest possible
free access to the various quality-assured, linked and
tapped resources will be an indispensable basis for math-
ematical research in the future. A broad vision of such
an infrastructure has been formulated by the IMU as the
Global Digital Mathematics Library [GDML14]. Such
a service must support mathematicians in their search
for and evaluation of information, and enable them to
recognise and analyse connections. The special nature
of mathematical information must also be taken into
account: mathematics has developed its own language
in the form of mathematical formulae, which in a very
compact form ensure a high degree of precision. Often
the information contained in formulae cannot be found
in any other form. This applies to all mathematically
relevant data, and especially to research data, which is
essentially formula-based and therefore requires a for-
mula search for indexing, and further tools tailored to
the management of mathematical knowledge in the
longer term.

9 https://mathoverflow.net/

10 https://polymathprojects.org, see also [P14]
W https://www.wikipedia.org

12 https://imaginary.org; see also [GMM14]

13 http://thecostofknowledge.com
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What obstacles have blocked the realisation of
such an interlinked information system?

An important task for the future is to connect the
resources described above with each other, develop their
content and build a coherent, comprehensive, open and
sustainable platform. This platform must contain infor-
mation of different levels in order to guarantee a com-
prehensive knowledge transfer. A standardised evalua-
tion of research data increases its reproducibility, which
further serves to assure the quality of publications. Addi-
tionally, a systematic citation of research data must be
made possible, which in turn ensures the recognition of
the research work contained within it. It is also essential
to make highly formalised mathematical content such as
formulae accessible. Even though these developments
are still in their infancy, they indicate the great potential
of modern information technology for mathematics.

Free access to interconnected and annotated resourc-
es will be an indispensable basis of mathematical
research in the future. This will help mathematicians to
search for and evaluate this information; connections can
be clarified and analysed. The high quality of all avail-
able information remains an essential prerequisite. How-
ever, a large part of the available information described
above is currently not freely available or is not or only
poorly developed. As a result, information is sometimes
not findable or is lost due to the lack of interconnection.

Functions and contents of an open platform must
go far beyond the current possibilities of closed sys-
tems such as zbMATH, MathSciNet, Google Scholar!?,
ResearchGate!® or WolframAlphal®. Currently, a large
part of the existing information described above is nei-
ther available via open access nor as open data, nor is it
sufficiently indexed or findable. As a result, much infor-
mation is lost due to the lack of interconnection. Each
individual information service provides individual build-
ing blocks of information which, if correctly combined
and analysed, will lead to new findings. Figure 1 (see next
page) shows a selection of possible different sources of
information, each of which must be linked within the
individual segments and also with each other.

These links are only the beginning: open interfaces
give the community the opportunity to use existing
data for their own research and to subsequently make
research results retrievable. These can be publications
or research data as well as tools for using or analysing
the data. In this way, the community itself makes innova-
tive contributions to the development of a comprehen-
sive mathematical research system. All experience so far
shows that this would uncover considerable and often
unpredictable potential for innovation.

There are several kinds of obstacles which currently
delay the realisation of such an ecosystem. Firstly, busi-
ness models which exist for historically good reasons (not
least to create resources needed for ensuring scientific

4 https://scholar.google.com/
15 https://www.researchgate.net/
16 https://www.wolframalpha.com/
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Figure 1. Components of an interlinked information system for mathematics.

quality) are in conflict with open solutions. Secondly,
several techniques desirable for automated interlinking,
indexing and knowledge management of digital math-
ematics are not yet mature or even existing for full-scale
implementation (e.g., formula OCR, automated verifica-
tion tools). Thirdly, many facets of such a networked, col-
laborative system would require extensive community
engagement (like it has grown over decades for review-
ing activities). Without doubt, this is the most critical,
scarce and valuable resource, which requires manifest
benefits to become activated.

What would the next steps be for zbMATH
Open?

Due to the support of the German government,zbMATH
will be able to offer its services open access from 2021
and thus overcome the previous limitations due to its
traditional business model. Most of the data will become
open via a CC-BY-SA license (with the exception of
third-party content such as author summaries, which may
be provided under a different license).

These open data will be freely available for independ-
ent research and development. As it is, there are already
many projects on, for example, the history of mathemat-
ics, which make use of zbMATH data. Such projects and
the resulting services will be much facilitated by open
data. Another example is the use of zbMATH data in the
ISC project Gender Gap In Sciencel”, led by the IMU.
Part of the project results is the visualisation platform
Gender Publication Gap!8. In order to become valuable
resources, these projects face the challenge that they
require long-term maintenance. A key task will be to
identify important project results involving zbMATH

7 https://gender-gap-in-science.org/
18 https://gender-publication-gap.f4.htw-berlin.de/
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data, to integrate them into its services if possible, and to
make them sustainably available.

Publications are still the crucial core of mathemat-
ics research. In the last decades, a growing portion has
become openly available (see [T18] for a qualitative and
quantitative overview). Many developments accelerate
this: the growing share of arXiv submissions [MT16B],
implementation of moving wall policies, open retrodig-
itisation projects, transformative publisher agreements
and initiatives like Plan S'%. However, the technical level
(as well as the used license) of the results is very differ-
ent, ranging from plain scans to available LaTeX sources
which already facilitate full-text formula search [MT16A].
Integration of these diverse resources with the help of
open zbMATH data will greatly improve the current situ-
ation, and create a framework which will finally make full-
text related services for indexing and retrieval available.

As outlined in [HMST19], mathematical research data
will become an issue of strongly growing relevance. How-
ever, these data are very diverse by nature, and it is a great
challenge to make them available sustainably according
to the FAIR principles?). Again, their integration into a
linked system involving open publication data will be a
big step forward. This will enhance their retrieval and vis-
ibility and will allow mechanisms to be set up to ensure
their quality. Some years ago, such an approach was start-
ed for mathematical software which evolved into the free
SWMATH service2!. A similar service for the entirety of
mathematical research data is a task that is far too com-
plicated to be achieved within the zbMATH Open frame-
work alone. Instead, we will pursue this for several tech-

19 https://www.scienceeurope.org/our-priorities/open-access

20 Findability, Accessibility, Interoperability, and Reusability;
see https://www.go-fair.org/fair-principles/

21 https://swmath.org, see also [BGS13, CDNS17]
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nology-ready resources, and make the results available to
further networked activities like those envisioned in the
currently formed MaRDI consortium?? in the framework
of the German National Research Data Infrastructure?3.

As in the case of mathematical software, efforts to
create, develop and maintain research data collections
are often not adequately appreciated. Such an inter-
linked platform would also greatly help its creators to
obtain recognition for contributions not directly related
to publications. When their widespread usage becomes
visible in a linked system, it will be much easier for the
mathematicians, as well as their institutions, to obtain the
appropriate recognition and reputation for their efforts,
and hopefully to obtain sufficient funding for services
which are currently often pursued on a voluntary and
therefore not always sustainable basis.

Likewise, the role of non-textual material such as vid-
eos has changed significantly — something we are experi-
encing right now when we try to maintain mathematics
dissemination and education under lockdown circum-
stances. Even after the threat of SARS-CoV-2is reduced,
experiences from the forced distancing will probably
have a lasting impact on communicating mathematics
research. It seems unlikely (and maybe even undesirable,
since, e.g, the much larger threat of global warming still
remains) to quickly restore the same overfilled confer-
ence calendars as before. Instead, we will surely make
further use of remotely communicating mathematics.
Resources created in this course, however, will require
the same efforts of integration, interlinking, sustainable
preservation, and indexing as research data.

Similar work must be done for the vast amount of
mathematical knowledge assembled by the already men-
tioned digital mathematical communities. While first steps
have been taken, e.g., interlinking Wikidata information
into zbMATH author profiles with the benefit of timeline
creation, or the interlinking of publication with MathOv-
erflow discussions [MST19], much more will be possible by
empowering the creativity of mathematicians with appro-
priate tools. It is upon us all to define what are the most
needed tools which make use of the open data and can
be implemented as the next steps — your suggestions and
feedback to editor@zbmath.org will be highly appreciated!
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