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Abstract. The paper discusses the prospects for the development of information
systems associated with the Russian nodes that are part of the Virtual Atomic
and Molecular Data Center. Atomic, ionic, and molecular spectral data are ac-
cumulated at these nodes. The key issues of the segment development are the
semantization of tabular and graphical information resources and the personali-
zation of data and its properties. This work lists the main information problems
related to the three stages of the knowledge life cycle, reuse of accumulated da-
ta, and semantic search of spectral resources. It is shown how the issues of
building researchers' own expert arrays based on the knowledge base of spectral
information resources and physical quantities will be solved.
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1 Introduction

Computer support of scientific research is focused on solving the complex tasks of
integrating the efforts of researchers from different domains. It would seem that the
emergence of the Internet information space has solved the access problem, however,
it turned out that scientific activity requires systematized resources that must go
through all the stages of the knowledge cycle [1] in order to turn from data into in-
formation and knowledge. A similar problem arose two centuries ago, when the needs
of the industrial revolution led to technical progress and the development of science.
The role of libraries as accumulators of fundamental information and knowledge was
paramount at the time. At the end of the 20th century, the presentation of data, infor-
mation and knowledge in digital form made access to them easier, but the main dif-
ference was the appearance of a new type of user - computers.

At the beginning of the 21st century the ideas of Semantic Web (SW) were intro-
duced [2]. The SW approach was detailed in a digital science (e-Science) and cyber-
infrastructure and finally in the open science data approach defined by FAIR princi-
ples. The main goal of the SW approach declared by its creators - the automatic ac-
centuation of reliable and trustworthy information resources in the Internet infor-
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mation space has not yet been achieved. The difficulty of achieving the SW goal con-
sists, on the one hand, in the variety of domains of science and the variety of criteria
determining the reliability of information resources in these areas of science, and, on
the other hand, in the abundance of informal criteria for assessing the trustworthiness
of information resources.

Evidently, the inaccessibility or low quality of necessary fundamental data is a lim-
iting factor in the development of applied sciences. The removal of limitations,
providing greater access to different types of information resources, containing fun-
damental data, and explicit evaluation of the quality of fundamental data are especial-
ly important for applied domains with intensive use of data. A good example of such
domain is spectroscopy, in which constants, used in astronomy, climatology, atmos-
pheric optics, ecology, etc. are measured and calculated.

Fundamental data play an essential role in scientific research, because they are
used as input data for applied tasks, and their inaccuracy can distort research results at
an early stage. Thousands of researchers form their own databases of fundamental
data, combining them into dozens of virtual data centers. Such centers contain differ-
ent types of data, among which the most used in practice are expert data. There are
three main disadvantages of such databases. First, the update period of expert data-
bases takes three to five years. Second, the requirements to the accuracy of the fun-
damental data used differ in different domains. Third, practical data optimization for
solving some problems is unacceptable for solving other problems. It is possible to
avoid these shortcomings by changing the established traditions and providing re-
searchers with the means to independently compose personal fundamental data sets.

The prerequisites for creating such tools are: complete collections of published
fundamental data; detailed description of the quality of information resources from
which fundamental data are extracted, methods for analyzing the quality of different
types of data, methods for assessing the confidence in expert resources, ontological
knowledge bases that contain the results of quality research and assessment of confi-
dence in expert fundamental data.

There is no doubt that spectroscopy is one of the data-intensive domains, and fun-
damental spectral data are relevant in dozens of domains, primarily in those in which
data are studied remotely. For this reason, the practical application of the results of
the solution of the indicated problem is relevant in the following domains: in astron-
omy when studying atmospheres of exoplanets and brown dwarfs; in climatology in
the problems of calculations of radiation transport; in spectroscopy, for example, in
the task of building sets of empirical energy level values close to the "measured"” en-
ergy level values for molecules, etc.

From a practical point of view, the completeness of published data can be achieved
in virtual fundamental data centers of different domains, e.g., VAMDC (Virtual
Atomic and Molecular Data Center), in which the data integrity is checked and the
confidence of information resources is evaluated.

The quality of primary data is determined by checking the constraints that are im-
posed by mathematical models of the processes in the domains under study. The data
sets created by the experts are to some extent subjective, primarily in the choice of
informal criteria for selection. Some criteria allow for variation in fundamental data
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values in order to match experimental data in the applied subject domain. Fundamen-
tal data of a domain, modified as a result of their optimization to match the results of
measurements in applied areas, cease to be fundamental data. This is exactly the situa-
tion in spectroscopy where the best known databases of spectral line parameters Hi-
tran [3] and Geisa [4] contain a huge number of such optimized “fundamental” data.
To find out the existence of such "optimization” of fundamental data, it is necessary
to use quantitative estimates of confidence in expert data.

2 Information Resources and Related Information Tasks in
Spectroscopy

Most of the published spectral resources in quantitative spectroscopy are associated
with solutions to seven spectroscopic problems [5] - calculation of energy levels,
vacuum transitions and spectral line parameters of atoms, ions, molecules or meas-
urements of spectral functions. Such resources are presented in publications in tabu-
lar, graphical, and analytical form. Transformation of these resources into a digital
representation to be used by software has not yet been completed. Currently, most of
the Web data is associated with information extracted from published tables. The
extraction of graphical information resources data is in its early stages. Despite the
widespread use of graphical resources in domains, the research of inter-machine pro-
cessing of such resources is at the initial stage. We have found only two publications
related to graphical resources in nuclear physics [6] and atmospheric chemistry [7].
Practically, the work on accumulation of analytical information in the form suitable
for software use (for example, selection rules, classification of quantum numbers,
etc.) has not begun, and it is worth mentioning the creation of XSAMS - scheme [8]
and applied ontologies of information resources on spectroscopy and spectroscopic
physical quantities [9, 10].

Information tasks that need to be solved when creating and maintaining spectro-
scopic information resources can be divided into six groups, closely related to the
stages of the knowledge life cycle [1]. In this paper, we note only the main relevant
tasks related to the three stages of the knowledge life cycle: modeling, reusability, and
knowledge retrieval.

Knowledge modeling. Let's note the necessity to create a model of spectroscopy
(the part of it in which data and information are produced) and information subjects
related to it. The task of systematization of quantum numbers and selection rules, as
well as translation table for different units of physical quantities, are of great im-
portance. Within the spectroscopy model it is important to create software for auto-
matic generation of applied ontologies.

Knowledge reuse. It is necessary to create data and metadata formats for graphical
and analytical resources, to develop a typical ontological description for reusable data,
to formalize the construction of applied ontologies (information resources, physical
values and restrictions on the values used in applied domains), and to develop meth-
ods for analyzing the quality of spectral data in graphical representation. The key
objectives are to create an intelligent decision support system for the formation of
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spectral data arrays for individual information needs and an application for data and
information quality analysis.

Knowledge retrieval. Our aim is to create software for semantic search of data and
information in the ontology base.

Solving these problems will provide an explicit statement of the problem of con-
sistent use of software agents and web-services in spectroinformatics.

3 W@DIS Information System

I0A SB RAS hosts two VAMDC nodes supported by Theoretical Spectroscopy La-
boratory (original computational data) and Integrated Information Systems Group
(complete sets of published spectral data on atmospheric molecules). The W@DIS is
an information system for developing and testing new information and knowledge
handling functionalities in molecular spectroscopy.

The basic approach to the formation of the W@DIS information system was estab-
lished in the early 2000s. It was based on the model of spectroscopy as a domain with
intensive production of data and information, obtained by solving 7 problems defined
in [5] and presented in three forms - tabular, graphical and analytical. These seven
problems include direct and inverse problems of finding energy levels, vacuum wave-
numbers, spectral line parameters and measuring spectral functions.

A key requirement for collections of published spectral data is their completeness.
We managed to achieve this for tabular resources. Following information tasks were
solved: generation of data representation of atoms, isotopes, ions, molecules and their
mixtures; data import and export (with XML schema validation); generation of data
properties; analysis of data sources reliability as well as presentation of data and their
properties. This phase was completed in the late 2000s. At the same time an attempt
was made to unite the resources of different institutions involved in molecular spec-
troscopy in Russia [11]. It turned out to be unsuccessful in organizational terms (there
was no domestic Russian consumer, but it was found abroad).

The next set of problems arose while analyzing the quality of published primary
measurement data, prepared to produce reference energy levels [12]. After achieving
an acceptable quality of the primary data, they were used to analyze the confidence
assessment of the wave number values in the expert data, the quality of which from
the formal point of view was and still is mediocre.

Formally, to create expert data, it is necessary to know a significant number of
properties of spectral data. To accumulate properties of tabular data we began to use
ontologies of information resources and spectral values [13-17] and later properties of
data extracted from graphical information [18, 19]. The analysis of the quality of pri-
mary data turned out to be significantly simpler than the analysis of expert data
sources. This is due to the fact that statistical processing of experimental and theoreti-
cal data does not depend on the researcher, while subjective opinions of experts com-
piling expert data and independently determining the selection criteria require an as-
sessment of confidence in expert data. It was necessary to use the full set of published
data to find out which values used in the expert data were not published [20, 21].
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Decomposition of the expert data revealed values of physical quantities in the expert
data that were questionable.

The most difficult task was the systematization of the parameters of spectral lines.
The complexity of this task is due to the use of more than two dozen models of spec-
tral line contours. The first satisfactory results in constructing database structures for
inverse problem solutions were obtained for the carbon dioxide molecule [22]. A
series of works on finding the reference energy levels of molecules, which began with
water isotopologues [12], allowed us to significantly reduce the number of doubtful
transitions in the complete data collection in the W@DIS information system [23].

The creation of ontologies of information resources on spectroscopy made it possi-
ble to organize the semantic search of such resources taking into account their quality.
The ontology of physical quantities enabled semantic search for specific physical
quantities (describing states and transitions) in W@DIS collections [17]. The ontolo-
gy of graphical spectroscopic resources provided an opportunity for semantic search
of the most cited resources in the spectroscopic problems of continuum absorption
and description of properties of weakly coupled molecular complexes [24].

The information problem of creating a toolkit for constructing an expert array of
spectral data with the maximum computer assistance was formulated in [25]. Its par-
tial solution is given in [26, 27]. Thus, conditions have been created to solve the prob-
lem of personalization of expert spectral data within the framework of the created data
structures and their properties. The solution of this problem allows a qualified re-
searcher to create his own expert data or, on the basis of existing expert data, to modi-
fy them with the understanding of their limitations.

The fundamental elements of the W@DIS IS and the associated software are de-
scribed in our paper [28]. There are databases of substances, bibliography, data
sources as well as properties of all data sources. Much of the data is housed in onto-
logical knowledge base, containing spectral information resources and physical quan-
tities. The ontology knowledge bases are detailed catalogs of atmospheric spectrosco-
py information resources and all published solutions of spectroscopy problems in the
W@DIS IS.

In the near future W@DIS development will be focused on an intelligent decision-
making support system for the formation of spectral data arrays for individual infor-
mation needs. A further prospect is the use of agent-based and web-service technolo-
gies to solve the same problem.

4 Prospects for the Development of the Russian Segment of the
VAMDC

The Russian segment of the VAMDC emerged in early 2012, when Russian partici-
pants of the VAMDC project added their information resources to those of the Euro-
pean Virtual Atomic and Molecular Data Center. The segment consists of 4 nodes:
one at the Institute of Astronomy (atomic spectroscopy), one at the Institute of Tech-
nical Physics (ion spectroscopy), and two at the Institute of Atmospheric Optics (mo-
lecular spectroscopy). Currently, all 4 nodes are independent of each other. Three
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nodes have their own sites (VALD [29], Spectr-W? [30], and W@DIS [31]), which
provide extensive information about their resources and services that handle these
resources.

Over the past 9 years since the end of the project, the functionality of VAMDC and
the Russian segment information systems have developed in different directions. The
consortium maintained the infrastructure of the virtual center and created services to
work with integrated data [34], while data producers provided new spectral data for
their nodes and developed their own services to work with them.

In the Russian segment, the information systems for atomic and ion spectroscopy
emerged before the system for molecular spectroscopy. For this reason they differ
from each other in the information problems they solve.

In this section, we consider the differences that exist for all major components of
the spectroscopy knowledge layer. The closest to the W@DIS molecular spectroscopy
model is the Spectr-W? ion spectroscopy model. Information content of the Spectr-W?3
database (created in 2001-2013) includes spectroscopic constants of atoms and ions,
such as wavelengths and probabilities of radiative transitions, energies of atomic and
ion levels, ionization potentials, autoionization rates, and parameters of approxima-
tions of cross sections and rates of collision transitions in atoms and ions by analytical
expressions. The database contains about 450,000 records and is the largest factual
database on the properties of the spectra of multivalent ions in the world [30].

The VALD atomic spectroscopy database [29] was created in 1992 and contains
data on the spectral lines of atoms used in the analysis of stars. The evolution of this
system from VALD to VALD3 is presented in [29, 32, 33].

At present, the W@DIS IS has proven to be the most technologically advanced in-
formation system for spectral resources. It contains three layers of information re-
sources: data and applications layer, information layer and knowledge layer. The in-
formation layer contains data properties, and the knowledge layer contains ontologies
of spectral information resources and physical quantities that characterize spectra.
Atomic and ion spectroscopy ISs contain only the data and applications layer.

The VAMDC has only data layer information resources, and supplementing them
with an information layer and a knowledge layer is rather labor-intensive. For this
reason, it was decided to create an information layer and a knowledge layer on the
atomic and ion spectroscopy resources of the Russian segment of VAMDC.

The prospects for the development of the Russian segment are determined by the
development of information systems of Russian organizations in the consortium. The
first stage of development has been completed and is described below. It includes the
formation of the data layer of the information system on ion spectroscopy and, partial-
ly, the information layer. The databases of atoms and ions, the data sources database,
the database of properties of ion spectroscopy solutions and the bibliographic data-
base were created. The first phase finishes with the construction of a prototype data
layer for the existing VALD and Spectr-W? atomic and ionic spectroscopy ISs, using
the iron atom and multi-charged iron ions as examples.
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Table 1.

Database VALD Spectr-W?3 W@DIS
Substances - - (4) +
Bibliography - + (+) +

Data sources - - (4) +
Properties of solutions to spectro- - - +
scopic problems

Ontologies - - +

Table 1 lists the main databases of the W@DIS IS and shows the presence or absence
of similar databases in the VALD and Spectr-W? IS. The round brackets with a plus
sign indicate the data-bases created in the prototype version of new information sys-
tem on ion spectroscopy.

v ion.elements Ho ion transitions

gid - int(11) unsigned n@ 1on species id - int(10) unsigned

gznuc : int(11) unsigned #id - int{10) unsigned —< #ds_id - int(10) unsigned

@symbol : tinytext atom_id - int{10) unsigned wmethod : enum(theory’ "experiment’,'compilation’, semiempirical’)

Ename - tinytext cnote - text
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#journalld : int(10) unsigned gid : int(10) unsigned 1 note - text
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# | !U ount : smallint(5) unsigne: Scont - text £ int(11)
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#g_auto - float

Fig. 1. Database structure for the new version of the ion spectroscopy IS.

Fig. 1 demonstrates the database structure for the new version of the information sys-
tem on ion spectroscopy. It includes seven tables: elements, species, data sources,
biblios, states, quantum numbers and transitions. Tables states and transitions contain
the results of solving direct and inverse problems of finding energy levels and param-
eters characterizing transitions. The data sources table contain data on the substance
for which the source contains data, the bibliographic reference to the publication from
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which the data were extracted, the identifier of the spectral problem, the data source
name, and the maximum and minimum values of the physical quantities in this data
source.

Atomic spectroscopy data are a set of ranked alternative records used to synthesize
unique expert data. Each record may contain data from different publications. The
relationship between the concepts of "record” and "data source" is obvious: A “rec-
ord” is a “composite data source”, i.e., a data source containing data extracted from
more than one publication.

The transition from records (VALD 1S) to data sources (W@DIS IS) requires the
creation of applications that W@DIS does not currently have. Analogous to the no-
tion of “record” in W@DIS is the notion of “composite data source”, which is used to
describe expert data sources.

Information sources search
-

Vacuum wavenumber range (cml) |O | - |300000 |

Word(s) for context search in annotation and
reference of information sources

A

Choose the type of sorting | Information source title ~ | D Inverse Sorting

i .

[Show]e Jrowssarngrom[c ]| mawows:zr | [JlILJE] | [Conwolrexpor] |

| Choose information sources |

Number of

No | Choice | Information source title el

Publication

Boiko V.A., Faenov A.Ya., Pikuz S.A.,

X-rays spectroscopy of multiply-charged ions from laser plasmas.
J. Quant. Spectrosc. and Radial. Transfer, 1978, Volume 19,
no. 1, Pages 11-50.

1| [0 | 1978 BoFaPi Fe-23 68

Vainshtein L.A., Safronova UL,
2 D 1978 VaSa_Fe-23 23 Atomic Data and Nuclear Data Tables, 1978, Volume 21,
Pages 49,

Cheng T., Kim Y.-K., Desclaux J.P.,

Electric dipole, quadrupole, and magnetic dipole transition
3 O | 1979 chkibe Fe-23 5 };rubabllmes of ions isoelectronic to the first-row atoms, Li through
Atomic Data and Nuclear Data Tables, 1979, Volume 24,
Pages 111-189.

Fig. 2. Fragment of the results of the data source search for Fe ion.
Fig. 2 demonstrates the interface for the program module implementing search for

data sources containing ion transitions in the prototype ion spectroscopy information
system.
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Annotation on 2021-08-13 00:18:42: Public source 1979_Edlen_Fe-23 was uploaded by Fazliev Alexander on 2021-08-12

14:48:07 Calculation/Experiment

Substance Properties of physical quantities (output data)

Name Fe2® Wavenumbers ()

Method unit emrl
Semiempirical Omin 6.786
Reference Wmax 20222.4

Edlen B., Accurate semi-empirical formulae for energy structure of Li I-like The number of transitions [110]

spectra, Physica Scripta, 1979, Volume 19, no. 2, Pages 255-266. Eror

Verification of formal and nonformal constraints (including selection rules) Einstein coefficient (E)

The number of transitions with unigue quantum numbers 0] | e ol

The number of transitions with nonunique quantum numbers 0] Availability

The number of unassigned fransitions 0 eror

Results of selection rule verification .
Quantum numbers of transitions

The number of forbidden transitions
oy [0] Quantum number notation
@ -~ v Il
Total angular momentum (J)

The number of transitions fEJeEIEU by experts (mrma\ and nonformal [U]
Jmin 05

constraints)

The number of transitions that satisfy both types of constraints (including
selection rules)

[110] | Jmax 25

The number of transitions that fail to satisfy any constraints 0

Fig. 3. Metadata representation for the data source.

Fig. 3 shows the 1979_Elden_Fe-23 data source properties.

The second stage in the development of atomic and ionic information systems en-
tails the creation of an information and knowledge layer in them. The third stage in
the development of information systems of the Russian segment is devoted to the
creation of decision support systems for the construction and modification of person-
alized expert spectral data.

5 VAMDC Consortium

The VAMDOC digital infrastructure currently contains 38 heterogeneous databases,
containing atomic and molecular data [34]. It emerged from a European infrastructure
project in 2009-2012 with ambitions to integrate data provider resources for open
access to spectroscopy resources [35]. Later, with the expansion of VAMDC infor-
mation resources and the inclusion of additional data providers, the VAMDC consor-
tium was created. Its resources and activities are described in [36]. The current state
of the resources (data and applications) and the prospects for the development of
VAMDC resources are described in paper [34], which was published last year.

The infrastructure components are nodes, a metadata registry, a portal and a sub-
stance database. A data node is a database, pre-existing or created for VAMDC pur-
poses, encapsulated in specialized software that implements a web service. The
VAMDC metadata registry is a list of properties of data nodes. Applications use the
registry to decide which databases should be queried and then locate services for
those databases on the Internet. The VAMDC portal manages the infrastructure ele-
ments to provide seamless access to the interconnected databases. Through this
unique interface, the user can query any part of the VAMDC infrastructure database
and retrieve data in the common format of shared VAMDC-XSAMS files. A central-
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ized chemical repository was created to solve the problem of substance identification.
When designing the infrastructure, VAMDC developers follow the FAIR Principles.

The uniform description of data in XSAMS has enabled the interoperability of da-
tabases, but the problems of data quality analysis have not yet been fully solved, as
well as the problems of presenting the results of this analysis in an explicit form.

The tasks formulated in the previous section of the article are being recognized and
the graphical resources of the W@DIS system are mentioned in [34] (note that the
Spectr-W? IS contains a collection of emission spectrograms (or densitograms) of
plasma objects glow in different X-ray spectrum ranges). The organization of the
semantic search for spectral resources is also on the list of problems to be solved.

6 Conclusion

The paper highlights the main information tasks associated with the three stages of the
knowledge life cycle for the part of spectroscopy with intensive data production and
use. A brief overview of solved and planned VAMDC information tasks is given.
Using the example of the W@DIS information system, it is shown which partial solu-
tions to the main information problems in spectroscopy have been obtained. The in-
formation systems VALD and Spectr-W? are briefly characterized, the prospects of
their development and the first results of the plans for the development of the Russian
VAMDC segment are described. This work is largely declarative in nature, describing
the development prospects for five years.
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