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Abstract. We present the results of the development of a range of seman-
tic services for the integrated management of electronic scientific collections.
The goals of these developments are the formation of a unified digital space
of mathematical knowledge, as well as information support for research ac-
tivities in the field of mathematics and computer science. The digital collec-
tions we create and the semantic services we develop form the backbone of
the Lobachevskii-DML digital math library. In implementing this study, we
used approaches that are consistent with the widely discussed and accepted
concepts of building the World Digital Mathematical Library (WDML).
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1 Introduction

Today it is generally accepted that the digitalization of knowledge and the movement
of scientific communications into the network space not only changed the existing sci-
entific infrastructure, but also set new tasks for knowledge management (see, for ex-
ample, [1]).

As you know, a necessary element of any scientific research is the description of the
relationship of new scientific results with those obtained earlier. In modern conditions,
in order to fulfill this requirement, it is necessary to have a sufficient amount of scien-
tific content on the Internet, both modern and already classic.

1 CDSSK-2020: International Conference “Common Digital Space of Scientific Knowledge”,
November 10-12, 2020, Moscow, Russia
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The digital era has fundamentally changed both the methods of research and the way
scientists seek, produce scientific information, publish and disseminate the results of
their scientific work. Currently, information and communication technologies (ICT) are
being actively developed and implemented in research and development, which makes
it possible to use the entire body of accumulated scientific knowledge when conducting
new research. In turn, such use requires the creation of a complex of new technologies
that provide optimal management of existing knowledge, the organization of effective
access to them, as well as the exchange and reuse of new types of knowledge structures
(see, for example, [2]).

To a certain extent, traditional libraries are solving the problem of moving from stor-
ing paper documents to managing digital content. Today they use networked tools in
their work and thus have significantly expanded their standard functions. At the same
time, the amount of information available in the world is so wide that in order to work
effectively and successfully with it, it is necessary to develop constructive options for
narrowing this set. In particular, as a variant of narrowing the set of available infor-
mation, we can talk about the formation of a scientific information space, which itself
is huge. Note that the concept of “information space” and its various aspects have been
widely studied in the context of various fields of activity, both from theoretical and
practical points of view [3-5]. In the broadest sense, the information space is the totality
of the results of the semantic activity of mankind.

The methods of narrowing the scientific information space itself are: the specifica-
tion of the processed information, limiting the circle of its users, as well as the devel-
opment of a complex of software and hardware. These methods provide the use of sci-
entific resources and full-featured management of them. Thus, a corresponding sub-
space of the scientific information space can be formed, and the restrictions mentioned
above should more accurately specify information and ensure its integration. It is in this
sense that we are talking about the Single digital space of mathematical knowledge,
which will become part of the new specialized scientific digital infrastructure being
formed.

2 Digital libraries as part of a specialized scientific
infrastructure

One of the directions for the development and use of digital technologies in scientific
activities provides for the organization at a modern level and using ICTs access to the
latest scientific results, in particular, scientific publications and scientometric infor-
mation about them. Historically, this direction is associated with the formation of digi-
tal libraries (Digital Library — DL) in the world, including scientific ones. Their active
development began at the end of the 20th century. (see, for example, [6-9]).

In general, digital libraries of any orientation (not only scientific) are understood as
models of complex information systems that serve as the basis for the creation of uni-
versal distributed repositories of knowledge and are equipped with navigation and
search tools in collections of heterogeneous electronic documents that are included in
these repositories [9].
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Currently, digital libraries exist and are actively developing in all developed coun-
tries of the world. The largest international digital libraries are the scientometric data-
bases Web of Science (until 2014 — Web of Knowledge) (https://clarivate.com/webof-
sciencegroup/solutions/web-of-science/) and Scopus (https: //www.scopus.com/).

So, at present, in the field of science and scientific research, a significant number of
various digital scientific libraries have been formed. They are associated with modern
publishing and scientometric services and implement a wide range of search services.
Each of them has its own ecosystem.

Digital libraries play a huge role in accelerating the circulation and access to existing
knowledge. But without the Internet, which has become today a comprehensive inte-
grated information environment, extracting information from various kinds of infor-
mation sources would be impossible. A variety of digital libraries are such sources. At
the same time, a number of serious problems arise in ensuring the integration (coher-
ence) of the extracted information. Therefore, narrowing the entire space of available
information makes it possible to more accurately specify information and, therefore,
provide better access to it and its use. Note that such a narrowing can be provided within
the framework of specialized digital scientific libraries, which are organized in specific
subject areas. For example, digital mathematical libraries (DML) have reached a high
level of organization, performing various functions of integrating mathematical
knowledge [10-14]. An overview of the specifics and functionality of a number of ex-
isting digital mathematical libraries is contained in [15].

3 Digital Mathematical Libraries (DML)

Today, thanks to the widespread introduction of digital technologies in research and
development, it has become possible to use the entire body of accumulated scientific
knowledge when conducting new research. Such use presupposes the creation of a set
of technologies that ensure optimal management of existing knowledge, the organiza-
tion of effective access to them, as well as the joint and repeated use of new types of
knowledge structures.

The greatest effect from the introduction of digital technologies for the further or-
ganization of scientific knowledge and improvement of their understanding is expected
in the field of mathematics, where, as noted above, a significant number of digital li-
braries have already been created. These expectations are fully supported by the idea
of creating the World Digital Mathematical Library (WDML). The main goal of
WDML is to combine digitized versions of the entire array of scientific mathematical
documents into a distributed system of interconnected repositories, including both mod-
ern sources and those that have already become historical.

The term WDML was introduced in 2006 at the General Assembly of the Interna-
tional Mathematical Union (see [16-18]). In 2012, at the Future World Heritage Digital
Mathematical Library Symposium at the American National Academy of Sciences (see
URL: http://ada00.math.uni-bielefeld.de/mediawiki-1.18.1/index.php/Main_Page;
URL: http://ada00.math.uni-bielefeld.de/mediawiki-
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1.18.1/index.php/Final_report_draft) and in 2014 within the framework of the Interna-
tional Mathematical Congress (Seoul, South Korea) [19, 20] meetings of expert groups
from participants with around the world to discuss practical action plans for the creation
of the Global Digital Mathematical Library (GDML). In 2014, the report “Development
of the global library of mathematical research in the 21st century” [21] was prepared,
in which the main tasks of building WDML were formulated. Thus, the main tasks of
constructing WDML and the technologies required to solve them were discussed in
2014-2015 by a wide range of mathematicians. They are enshrined in a number of doc-
uments adopted by the World Mathematical Union. In particular, it was approved that
the next steps in advancing mathematics would be to go beyond traditional mathemat-
ical publications and create a network of information based on the knowledge contained
in these publications. Through a combination of machine learning techniques and the
efforts of the editorial boards and editorial boards of mathematical scientific journals,
much of the information and knowledge (in the form of connected open data) in the
global body of mathematical knowledge will be made available to researchers through
WDML.

At the same time, scientists increasingly need new ways to discover objects of sci-
entific knowledge directly via the Internet, as well as tools and services that ensure the
creation and sharing of new types of knowledge structures. In the context of the concept
of linked data and the semantic web, such tools and services can be used to create “col-
laboration charts” that are useful, for example, to calculate “collaboration distance”
between authors and highlight “similar” documents (see [22—24]). This opens up new
possibilities for fine-tuning search and browsing (see, for example, [25, 26]). Many
authors (for example, [27—-32]) emphasize the importance of developing new ontologies
of subject areas, in particular, mathematics, since traditional bibliographic cataloging
is no longer enough today; more detailed elaboration is required, containing descrip-
tions created from different points of view. All of the above is aimed at the formation
of a unified digital space of mathematical knowledge.

4 Mathematical scientific heritage: digitization and accessibility

The problems of integrating the knowledge gained in the field of mathematics over the
entire “printed” period of the development of this science were considered in a number
of projects. Even if these projects were local in nature, the methods and tools developed
during their implementation were focused on the comprehensive integration of mathe-
matical knowledge (see, for example, [1]), and the achieved level of development made
it possible to raise the issue of creating WDML.

One of the policy documents [21] of a project aimed at creating WDML contains the
phrase “Like most areas of scholarship, mathematics is a cumulative discipline”. Cu-
mulativeness in this context means that new research in mathematics is always based
on carefully selected literature that reflects well the background of the research. More-
over, the named document provides a comparison of mathematics with art. This com-
parison is based on the fact that the primary data that mathematicians encounter in their
research are human creations, and not data obtained as a result of physical observations
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of our universe or measurements. Therefore, all mathematical information that exists
today and is used in new mathematical research is actually extracted from the existing
mathematical literature or calculated. It is also known that in modern mathematical re-
search the number of references to documents published in the "pre-digital" period does
not decrease at all. In addition, in works reflecting the activities of many research
groups actively involved in the integration of mathematical knowledge (see, for exam-
ple, [32-36]), it is noted that both mathematical results obtained earlier and the systems
of reasoning and proofs associated with them, must be preserved and accessible through
modern effective means of scientific communication. Digital math libraries are one
such tool. The current vision of the tasks of forming a global infrastructure of mathe-
matical knowledge is formalized in the documents of the WDML project (for example,
[21]). At the same time, it was noted that the leading role in the formation of electronic
mathematical collections, creation of verification methods, metadata support, annota-
tion, etc. is assigned to the “smaller” DML. A comparison of a number of such DMLs,
as noted above, is contained in [15]. Now let's dwell on the results of the digitization of
mathematical sources by the time the WDML project was launched.

As noted in [21], today a very significant part of the mathematical literature of the
20th century is available in digital form. In addition, thanks to projects such as the
Jahrbuch Electronic Research Archive for Mathematics (http://www.emis.de/pro-
jects/JFM/), as well as the independent efforts of many publishers and researchers,
many important results of mathematical research in the second half of the 19th century
have been digitized. Access to this information is possible partly freely, partly by sub-
scription.

Also, a significant part of the historical mathematical literature has been digitized
since the beginning of the 21st century. The most comprehensive list of retro-digitized
mathematical literature today, as in 2014, is UIf Rehmann's list of retro-digitized math-
ematical journals and monographs in DML (http://www.mathematik.uni-biele-
feld.de/~rehmann/DML/dmI_links. html). However, this list does not include the
metadata that has ended up in indexes maintained by Google, the American Mathemat-
ical Society (MathSciNet, http://www.ams.org/mathscinet/) and Zentralblatt
(zbMATH, http://zbmath.org/).

Today the digital corpus of mathematical literature is quite extensive. According to
[21], at the time of 2014, the MathSciNet database included about 2.9 million publica-
tions, starting from 1940, with direct links to 1.7 million of them. DML MathSciNet
also indexed more than 2 thousand titles of magazines (as well as serials) and contained
about 100 thousand books (published after 1960). There were 2.6 million available
sources on MathSciNet since 1970 and 1.7 million since 1990. The zbMATH database
contained more than 3 million publications and indexed about 3.5 thousand journals
since 1931.

In the following years, the components of the digitized corpus of mathematical edi-
tions were increasingly incorporated into stable and well-formed repositories, although
access to much of the corpus remained restricted by copyright or other intellectual re-
strictions on access rights.
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5 “Smaller” DMLs and their features

In addition to the large projects mentioned above, the digitization of the mathematical
scientific heritage and the provision of access to it were implemented in a large number
of different projects and were based on the creation of modern national digital mathe-
matical libraries. Most of these projects were started in the first decade of the 21st cen-
tury. Some of them have been completed by now, their active operation has ended.

Most of the existing digital mathematical libraries are built as national ones. For this
reason, these DMLs have specific features both in architecture and in the scientific con-
tent management technologies they use. Earlier in [15], we compared these national
DMLs for the technologies used. Some of the more notable of these DMLSs are:

v All-Russian Mathematical Portal Math-Net.Ru

(URL:http://www.mathnet.ru/);

v Bulgarian Digital Mathematics Library
(URL: http://sci-gems.math.bas.bg/jspui/);
v" CEDRAM (URL: www.cedram.org);
v’ Czech Digital Mathematics Library (DML-CZ) (URL: http://www.dml.cz/);
v European Digital Mathematics Library EUDML (URL: www.eudml.org);
v" Gallica (URL.: https://gallica.bnf.fr);
v" Gottingen DigitalisierungsZentrum (http://gdz.sub.uni-goettingen.de/gdz/);
v" JSTOR (URL: https://www.jstor.org/);
v" Lobachevskii-DML (URL: http://www.lobachevskii-dml.ru/);
v" NUMDAM (URL: www.numdam.org);
v Polish Digital Mathematics Library (URL.: http:/pldml.icm.edu.pl/);
v" RusDML (Russian Digital Mathematics Library, URL: https://www.sub.uni-

goettingen.de/projekte-forschung/projektdetails/projekt/rusdml/).

The all-Russian portal Math-Net.Ru (URL: http://www.mathnet.ru/) is a modern
digital library that provides Russian and foreign scientists with various opportunities to
search for scientific information on mathematics, physics, information technology and
related sciences in Russian. This project has been developing since 2006 (see [37-39]).
This digital library today contains more than 293 thousand publications (including more
than 276 thousand scientific articles) from 143 scientific journals; more than 24.7 thou-
sand reports and lectures presented at 1755 conferences. For example, the issues of the
journal “Mathematical Collection” are presented in the named digital library since 1866
— since the publication of the first issue of this journal.

Projects “Center de diffusion de revues académiques mathématiques” (CEDRAM,
URL: http://www.cedram.org/), Numerisation de Documents Anciens Mathematiques
(NUMDAM, URL: http://www.numdam.org/) and Gallica (URL: https: //gallica.bnf.fr)
form the basis of the French digital ecosystem of access to documents in French, in-
cluding mathematical ones, both archival and only then digitized, and created immedi-
ately in digital format (see [40, 41]).

Note that the first two of these digital libraries contain only mathematical documents.
According to the latest information, the French digital mathematical library NUMDAM
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contains almost 60 thousand articles from 76 periodicals, 698 books and 5 collections,
as well as 263 dissertations (in total, more than 1 million pages for reading in free ac-
cess). The Gallica digital library contains mathematical content only along with infor-
mation from other subject areas.

The European Digital Mathematical Library EuUDML is a project funded by the Eu-
ropean Commission in 2010-2013. Together with 13 partners from 9 European coun-
tries, a digital library formation service was developed to provide online access to math-
ematical literature (see [42, 43]).

The main goal of local projects, united by the above-mentioned activities, was to
create a common infrastructure of digital mathematical libraries, providing access to
mathematical knowledge concentrated in local collections of scientific journals, collec-
tions and books. These were, for example, the projects Bulgarian Digital Mathematical
Library (BulDML) and Czech Digital Mathematics Library (DML-CZ, completed in
2009) [44]. Today the Polish Digital Mathematics Library project is not actively func-
tioning within the EUDML framework.

The RusDML project (Russian Digital Mathematics Library, URL:
https://www.sub.uni-goettingen.de/projekte-forschung/projektdetails/projekt/rusdml/)
was implemented within the framework of German-Russian cooperation (completed in
2007) [45]. It is part of a global program to provide mathematicians around the world
with digital access to all mathematical literature. The first stage of this project was the
digitization of the most important Russian-language journals since 1866. This infor-
mation is available online using the Zentralblatt MATH as a portal. The RusDML pro-
ject, which was supported by the DFG (Deutsche Forschungsgemeinschaft), involved
three German partners: the Technical University of Berlin, the State University Library
of Gottingen and the Hannover Technical Information Library. The Russian partner is
the State Public Scientific and Technical Library in Moscow.

The Gottingen Retrospective Digitization Center (Gottingen Digitalisier-
ungsZentrum, GDZ) was founded in 1997 and is currently implementing a retrospective
library digitization program as part of an initiative to develop a digital research library
in Germany. The created specialized information service for mathematics (URL:
https://gdz.sub.uni-goettingen.de/collection/fid.mathematica) allows access to many
mathematical sources of information from one point.

The JSTOR Digital Library was created in 1995 following a pilot project from the
University of Michigan as an independent non-profit organization. Today it contains
digitized collections not only in mathematics, but also in various fields of knowledge.
The volume of this resource is more than 12 million articles of academic journals and
books in 75 disciplines. In physics and mathematics, the oldest documents in this digital
library are digitized editions of the 15th to 16th centuries.

So, scientific digital libraries as a specialized class of information systems are the
most important component of any scientific information space, and the construction of
such libraries is directly aimed at integrating knowledge and expanding access to it.
The foregoing is fully reflected in the main tasks set in projects that are related to the
development of digital mathematical libraries, are partially described above and per-
form the functions of integrating mathematical knowledge. Many of the existing DMLs
are built as national ones and, for this reason, have peculiarities both in architecture and
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in the technologies for managing scientific content that they use. These features must
be studied and taken into account. Along with the construction of various DMLs, a
number of new issues have arisen related to the development of digital library technol-
ogies.

We faced such questions when creating a digital mathematical library Lobachevskii
Digital Mathematics Library (Lobachevskii-DML, http://www.lobachevskii-dml.ru/)
[46, 47]. It is developed by us in accordance with the basic principles of WDML. Its
task is to develop tools for managing mathematical content that take into account not
only the specifics of mathematical texts, but also the peculiarities of processing Rus-
sian-language texts. The particular task of creating this digital library was the integra-
tion of the mathematical resources of Kazan University, which explains the choice of
its name. In addition, the project for the creation of Lobachevskii-DML started in the
year of the 225th anniversary of the birth of the brilliant mathematician Nikolai Iva-
novich Lobachevskii, the founder of non-Euclidean geometry, graduate and rector of
Kazan University from 1827 to 1845; this year was the year of the beginning of the
construction of Lobachevskii-DML.

One of the basic directions of research developed within the framework of this digital
mathematical library is associated with the development of a system of interconnected
software tools that ensure the creation, processing, storage, management of metadata
of digital library objects and the integration of created electronic collections into digital
scientific libraries that aggregate them. We call the system of such tools a metadata
factory [48, 49].

6 DML metadata factory

The creation of any digital mathematical library and the subsequent expansion of its
functionality presupposes the solution of a number of time-consuming tasks associated,
first of all, with content management. That is why scientific content management soft-
ware tools are an essential component of any digital library. Many of these tools are
used by the metadata factory to create, process, store and manage the metadata of digital
documents and allow the creation of digital collections to be integrated into aggregating
digital scientific libraries. Let's describe in more detail the available solutions.
Existing digital libraries, as well as aggregators of scientific knowledge, offer a num-
ber of software tools for working with content, primarily search services in digital col-
lections. For example, semantic document search tools are available on the EUDML
project site (URL.: https://initiative.eudml.org/). It also contains demos of tools devel-
oped to serve EUDML. The purpose and functionality of these software tools are de-
scribed in [50].
To optimize the named tools of the metadata factory and their subsequent moderni-
zation, it was necessary:
v to identify and describe the peculiarities of the presentation of metadata of
documents of various electronic collections associated with both the formats
used and with changes in the composition and completeness of the set of
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metadata during the entire existence of the corresponding scientific publica-
tion;

v to characterize software tools for scientific content management and methods
of organizing automated integration of repositories of mathematical docu-
ments with other information systems;

v to characterize software tools for scientific content management and methods
of organizing automated integration of repositories of mathematical docu-
ments with other information systems;

As a result, the developed tools of the metadata factory of the digital mathematical
library Lobachevskii-DML became (see [48]):
> asystem of services for the automated generation of metadata for electronic
mathematical collections;
» xml-language for metadata representation, based on the Journal Archiving
and Interchange Tag Suite (NISO JATS) of various versions [51];
> created software tools for normalizing metadata of electronic collections of
scientific documents in formats developed by aggregators of resources in
mathematics and Computer Science;
» an algorithm for converting metadata to the oai_dc format and generating the
structure of archives for import into the digital storage DSpace;
» methods of integration of existing electronic mathematical collections of Ka-
zan University into domestic and foreign digital mathematical libraries [52—
56].

As in the case of any digital scientific library, the formation of Lobachevskii-DML
and the corresponding metadata factory required the involvement of previously created
ones, as well as the development of new technological solutions for scientific content
management.

A number of digital math library metadata factory tools are designed to perform
metadata harmonization and normalization procedures.

Harmonization of metadata implies the possibility of the simultaneous use of several
different metadata standards in one software system. Metadata normalization methods
are used to map several different metadata standards into a single schema or structure
for further use in a single software system (see, for example, [56-58]).

Tasks related to the normalization of metadata in various formats are one of the most
relevant when working with a metadata factory. Examples of such tasks are: normali-
zation to formats for internal storage and loading into a digital library; normalization in
formats of other digital libraries and aggregators or presentation in the form of biblio-
graphic citation formats.

The Lobachevskii DML digital library implements several services that normalize
metadata to various formats. So, one of them is the service for converting the metadata
of the electronic collection of articles of the “Russian Digital Libraries Journal”
(https://elbib.kpfu.ru/) into the DBLP database format (URL: https: //dblp.uni-trier.de/).
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The developed metadata transformation algorithm includes semantic transliteration of
the names and surnames of the authors of the articles. The initial sets of metadata used
in the conversion to the named format were generated automatically using the software
tools developed by us, taking into account the specifics of the Open Journal Systems
software platform [59] on which this journal operates. The algorithm for translating this
metadata into the DBLP format has been successfully implemented; it is described in
detail in [48, 56].

Our research, the results of which are presented above, is consistent with the ideol-
ogy of the WDML project and will help, in our opinion, to move forward in solving the
problems posed by this project.

7 Conclusion

The directions of development and use of digital technologies in scientific activities
based on digital libraries were discussed. The role of digital mathematical libraries in
the formation of a single digital space of mathematical knowledge is described. The
concept of a metadata factory is introduced as a system of interconnected software tools
aimed at creating, processing, storing and managing metadata of digital library objects
and allowing to integrate the created digital collections into aggregating digital scien-
tific libraries. A number of tasks related to the construction of a metadata factory for
the digital mathematical library Lobachevskii-DML have been solved. It is proposed to
use this implemented metadata factory as a component of any scientific digital library.

This work was financially supported by the Russian Science Foundation (project
No. 21-11-00105).
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