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INTRODUCTION

In recent decades the accelerated development of
information technologies has had an extremely strong
impact on the world of scientific information, espe�
cially on the storage and dissemination of data and
knowledge. The determination of computer science as
an independent direction in a number of disciplines
(for example, geo�and bioinformatics), the universal
use of bibliographic and factual databases (DBs), the
transition from print to electronic forms of publica�
tion, the active use of the Internet to disseminate
information, and many other issues may be noted in
this context. The creation of the special term e�Sci�
ence, which means the predominant role of informa�
tion and its processing in scientific research, reflects
new trends. Up to a point the computer expansion was
mostly technical in nature, which led to a large
increase in the flow of information and simplified the
methods of data distribution and data�access meth�
ods. Moreover, the general transition to electronic
resources has generated new problems of so�called
interoperability, i.e., of ensuring the data format and
structure conformity in the sphere of heterogeneous
sources.

The prospects of a quantum leap emerged with the
advent in 2001 of a principally new concept, viz., the
Semantic WEB, which was suggested by the Internet
creator Tim Berners–Lee [1]. This concept means a
view of the network`s future where a certain structure
that allows software agents to understand the mean�

ings of pages and to carry out instruction of users bring
in the contents of these pages. In interacting in the
network, the agents would have to have a formal repre�
sentation of the knowledge for each resource. The
introductory role of the general, explicit, and formal
specification of knowledge is given by the authors of
[1] to ontologies. Ontologies, which are regarded as
the genuine core of the Semantic WEB, are a system of
concepts in the application domain, which is repre�
sented as a set of entities connected by various rela�
tionships. An ontology represents knowledge in the
form of a formal structure that is available for com�
puter processing. In 2004, a universal standard for net�
work exchange of ontological information, viz., Web
Ontology Language (OWL) was proposed by the World

Wide Web Consortium (W3C).
1
 

With OWL domain�application experts and appli�
cation developers can create, modify, and combine
different ontologies.

1 W3C is an international consortium that was formed in 1994 as
part of CERN. The purpose of its creation was the development
of common protocols that enhance the interoperability of WWW
resources, as well as a guide to WEB evolution. The consortium
is developing recommendations on new technologies, as well as
specifications on the status of the standard; it supports a vast
repository of documents about developed and accepted stan�
dards and prototypes of tools and of applications that demon�
strate the use of new technologies. A detailed description of the
W3C in Russian can be found in the reference book by M.R.
Kogalovsky [2].
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Although the conceived idea of the Semantic WEB
refers to the resources of any subject (business, art,
politics, etc.), it is exactly natural sciences that form
the most suitable “platform” for the development of
new concepts. The conceptual foundation of such sci�
ences as physics, chemistry, and astronomy is initially
formalized enough to be put into the basis of an onto�
logical description. This opens up the theoretical pos�
sibility of scientific data integration by specifying of
the contents of heterogeneous sources. Automated
text processing, high�precision information searching,
and logical inference tools are among other features of
the Semantic WEB. Concrete examples of data inte�
gration based on the physical properties of materials
using a new concept were considered in our paper [3].
This points to the high potential of this concept. At the
same time, despite some successes, we cannot say that
the idea of the Semantic WEB has become widely used
at present.

In 2006, Tim Berners–Lee [4] proposed an idea
that shifts the focus to the publication of so�called
“linked open data,” which is a product and a develop�
ment of the Semantic WEB concept. The movement
for “open data,” particularly in policies, administra�
tion, finance, and so on [5], which arose around the
same time, is an another source of this idea. The gov�
ernments of a series of countries, The World Bank,
United Nations, the Partnership in the field of renew�
able energy sources (REEEP), and many other orga�
nizations (for a detailed review, see [6]) are among the
organizations that make a practice of open publishing
of their data.

Data are recognized as “open” if they are available
for society where they meet the following principles:
completeness, freedom of distribution without any
restriction in the form of copyrights, patents, or other
control mechanisms. However, open data achieves its
full potential when data are converted into the linked
open data by presenting them in a special RDF format
(Resource Description Framework, see below) to
identify the elements that they contain. The path from
being “open data” to “open linked data” has been
described by Tim Berners–Lee [7] in the form of a
“five�star construction,” where new options for data
presentation are opened on each floor:

� information is available on the WEB in any for�
mat under an open license;

�� information is available in the form of struc�
tured data;

��� the use of open formats (for example, CSV
instead of Excel) is allowed;

���� URI identifiers that allow one to display
them through a browser as individual data are used for
all objects;

����� data is connected with other data forming
a single context.

Publication in the sphere of “linked data” provides
publishers and information consumers significantly

more capabilities in comparison with the simple data
placement in the traditional Web of Documents.
Unlike hypertexts, where links connect single docu�
ments written in HTML, linked data technology pro�
vides communication between random items that are
distinguished in the document by URI, which could
identify any object, person or concept. This medium,
which extends the capabilities of the Web of Docu�
ments, is called the Web of Data or Web 3.0. Combin�
ing structured documents in a standard way, this
medium represents, from the point of view of the user,
a huge database with the same efficient search capabil�
ities for relevant information as in a usual database.

The principles of “linked data,” which were first
proposed in [4], provided the guidelines for publishers,
who have started to master the new technology. Tech�
nical documents have been created that regulate pub�
lishing practice in the medium of “linked data” and
special tools, such as browsers and search engines,
provide the same features of navigation in the ordinary
Web of Documents during work with the Web of Data.
Even today, a large variety of linked data is available in
the network. So�called LOD (Linked Open Data)
clouds cover more than 50 billion entries from a variety
of areas such as geography, mass media, biology,
chemistry, economy, and energy. The www.reegle.info
portal is one of the best and most accessible examples
of the use of new technology in the field of science.
This portal provides automatic partitioning of docu�
ments that relating to renewable energy, energy effi�
ciency, and climate�change problems. In addition to
supporting the thematic cloud, the portal allows a
concise study of linked data technology, especially the
RDF model description, dictionaries and ontology
references, rules for binding documents, and so on.
Next, we will make a detailed examination of the main
principles and standards that are used when linking
data in the network and we will give the most impres�
sive examples of the new technological possibilities in
the distribution and integration of natural science
data.

BASIC ELEMENTS: FORMATS, STANDARDS, 
AND ONTOLOGIES

T. Berners–Lee, who proposed the idea of Linked
Open Data [4], proposed four basic principles on
which basis the data must be created and distributed in
the network:

(1) for each entity that is included in data, such as
a person, document, abstract concept, etc. a unique
identifier called a URI (Uniform Resource Identifier)
must be specified and used;

(2) for access to this entity in the network it is suf�
ficient to use an appeal to HTTP URI (HTTP�Hyper�
text Transfer Protocol);
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(3) useful information by means of the RDF and
SPARQL standards is provided by applying to the
URI;

(4) the inclusion of links to other URIs allows one
to find additional information that was not contained
in the original document, such as information about
the belonging of a person to a specific organization or
information about the availability of related informa�
tion on the subject of the original document.

These principles require the identification of each
resource via an HTTP scheme based on a URI, which
not only serves as its identifier but provides a represen�
tation of structured data. Hyperlinks between entities
in different LOD documents are set by identifiers.
Thus, binding of data in the network space takes place,

which allows LOD applications to discover new
sources of data, e.g., unknown authors as of the date of
publication.

Thus, the LOD concept is based on three technol�
ogies, each of which is supported by the standards of
W3C: HTTP, URI, and RDF. The third of these [4],
RDF, which is also supported by the W3C standard, is
proposed as a unified model of linked data. In fact,
RDF is a definite model for the presentation of data
and metadata, consisting of statements that are suit�
able for machine use. Each of these statements has the
formal form “subject–predicate–object” and is called
a triplet. Two examples taken from the reegle site guide
[8] illustrate the meaning and the rules for writing a
triplet:

In both examples some performer (actor) unambig�
uously defined by a URI is understood under the sub�
ject. The corresponding URI is also attributed to a
predicate, i.e., to a property of the subject. In the given
examples the name is this property. Finally, a so�called
literal (text line) is used to indicate the object in these
examples. The assertion in both examples is that per�
former 2354 has the name “REEP” (renewable energy
and energy efficiency partnership). Abbreviation in
the bottom row of the table by using the prefixes allows
the subject and the predicate to use the short�cut nota�

tion of a triplet. The general rules for notation in the
RDF format allow one to use an object as a literal and
an identifier. In this example, the corresponding URI
(www.reeep.org) could serve instead of “REEP.”

In the RDF data model directed arc (predicate)
connects the nodes relevant to subject and object. The
graph in Fig. 1 comprises two triplets (with statements
about the color and size of a t�shirt) [9], where the URI
identifies the subject and both predicates, and both
URI, and a literal are used for objects. With common
identifiers in different triplets the computer connects

Examples of RDF triplets

Subject Predicate Object

http://reegle.info/actors/2354 http://xmlns.com/foaf/0.1/name “REEP”

actors:2354 foaf:name “REEP”

http:/www.linkeddatatools.com/clothes#t�shirt

http:/www.linkeddatatools.com/clothing�features#color

http:/www.linkeddatatools.com/clothing�features#size

12
http:/www.linkeddatatools.com/colors#white

Fig. 1. A typical display of triplets [9].
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them into a single graph (see Fig. 1) doing this auto�
matically, i.e., without the creator of the original doc�
ument. Binding of data (an RDF link) is done via the
triplet, whose subject and object refer to different
sources.

As can be seen from Fig. 2, in an RDF presented as
a graphic data pattern [9] binding of linked resources
occurs without the explicit allocation of any of them as
one of the initial ones (baseline). Each of the RDF tri�
ples is an element of a global medium of linked data
and can serve as a reference point for its viewing. Thus,
RDF is data model, which serves for the description of
WEB resources that is designed to provide the percep�
tion of this data by a computer. In this case, RDF only
provides a means to build the model, but in no way dis�
closes the semantics (meaning) of the statements
about resources. The interpretation of the resources
content defined by a URI or by a literal string is possi�
ble due to the references to available online dictionar�
ies and ontologies, which contain summaries of sub�
ject�oriented terms. Ontology, in addition, reserves the
terms to identify concepts and their relationships.
Among ontologies a wide field of following applica�
tions may be noted: FOAF (Friend of a Friend) for
describing of current agents (persons or organiza�
tions), SKOS (Simple Knowledge Organization Sys�
tem) for category allocation, and DBPedia properties
for different attributes. The term Dbpedia file record:
document means that the concept of a “document” is

interpreted in the wide dbpedia ontology, which was
created to describe the structured information from
Wikipedia. Within a specific subject area local schemes
handle, for example, http://reegle.info/schema.rdf
for renewable resources, so that the syntax for concept
recording (for example, “the result of the project”) has
the form: reegle: ProjectOutput.

Thus, the compound of data model graphs pro�
vided by RDF or with specially created vocabularies
and ontologies provides the foundation for all of the
linked data publication technology. Figure 3 from [10]
provides a simple view of such binding based on the
example of two scientific articles indexed in the data�
base agris under the conventional number CH…179
and CN…389. Triplets disclose the data of each article
indicating the author, title, etc. The same theme (sub�
ject) of the two publications is identified in the agrovoc
dictionary under the same ID c_4416, which leads to
the automatic binding of the two resources, although
initially this was not intended and they were written in
different languages. This technology is successfully
applied in dealing with distributed knowledge through
the automatic linking of RDF files placed in the net�
work by any author, followed by the opportunity to
find information in the assembled document that did
not exist in any of its parts.

As noted, RDF allows the building of data models
without touching the semantics itself and referring to
the interpretation of the meaning of the data to net�
work dictionaries and ontologies. The real mechanism
that allows the use of dictionaries and attachment of
RDF�data semantics consists in semantic annotation
of metadata through a special syntax called RDF
Schema or RDF Vocabulary Definition Language.
The descriptions of relevant dictionaries are recorded
themselves on RDF, representing the dictionary deter�
mination in the form of dictionary graphs and permit�
ting their publication in the medium of Linked Open
Data. In general, RDF Schema is no more than a
semantic generalization of RDF that provides a
framework for dictionary description, i.e., for object�
oriented classes and features. To reflect the semantics,
classes and properties are inserted in the same way as it
is usually done in a language of object�oriented pro�
gramming, such as Java. The only difference is that
instead of a class determination in terms of the prop�
erties of its specimen, RDF Schema describes features
in terms of classes of resources, to which this schema
is applied. The language defined by the specification of
RDF Schema is composed of a collection of RDF
resources that can be used to describe the properties of
other RDF resources in object�oriented dictionaries.
The relevant document has the status of recommenda�
tions prepared by the W3C group in 2004. [11].

The SPARQL query language (www.w3.org/
TR/rdf�sparql�query) is one of the fundamental W3C
standards. This designation is a recursive acronym
from the English SPARQL Protocol and RDF Query

Graph DB
Arbitrary Object Relations
No Intrinsic Importance

Fig. 2. A graphical presentation of a RDF model [9].
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Language. SPARQL is a query language for data rep�
resented by the RDF model, just as the SQL language
(Structured Query Language) provides queries to rela�
tional database tables, as well as a protocol for the
transmission of these queries and responses to them.
SPARQL is a W3C recommendation and one of the
semantic web technologies. Provision of a SPARQL
endpoint is a recommended practice for the publica�
tion of data on the Web.

Practical recipes for publication of documents as
linked data can be found in [12]. As well as techniques
for providing this form of publication, several general
principles are determined. LOD publication should
correspond to these principles in order to display of
advantages and opportunities of linked data in full.
They are set out in the recommendations of the W3C
[13] called the “seven best rules for the preparation of
linked data”:

1. Model the data.

2. Give URIs to concepts.

3. Whenever possible, use a dictionary

4. Provide data self�description in a form that is
accessible to both people and computers.

5. Convert data into the RDF format.

6. Provide the publication with a free license and
legal data dissemination.

7. Provide the published data with hosting and take
measures for the wide advertisement of this data.

The first three rules include a preliminary informal
analysis of the intended publication for clear separa�
tion of data and metadata, as well as for elimination of
irrelevant information from the publication, which
blocks “raw” data that is retrieved from a variety of

sources: databases, XML files, CSV tables
2
 etc. The

author should then form a model of data representa�
tion in RDF format, what should be created for the
dictionaries and thesaurus of concepts, and a URI
identifier should be given to each of the entities.
Search and selection of existing dictionaries, for
example, using the catalog http://lov.okfn.org/
dataset/lov, is an important aspect of advance prepara�
tion. Rule 4 calls for the author to present data as
“self�describing” where the information about encod�
ing the information is given in the RDF files them�
selves. The availability of this information, both for

2 XML, eXtensible Markup Language, CSV, Comma�Separated
Values

…and combines (“links”) the graphs to one

dct:creator

foaf:name

dct:subject

dct:title
agris:CH...179

Heuschrecken

Peter, B.

agris�author: agrovoc:c_4416

Han Jianguo

foaf:name

dct:title

dct:subject

agris:CN...389

dct:creator
agris�

Sources: http://www.slideshare.net/faoaims/linking�your�resources�to�the�data�web

32

32 /44

author:han
jianguo

peterb

@НИУ ВШЭ, Москва, 2013

Resources in different
languages, linked with
references to a common
concept

Fig. 3. An example of documents binding in the LOD medium [10].
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humans and for computers, ensures the implementa�
tion of the declared objectives of Linked Open Data.

The availability of a license for free and legal data
dissemination (Rule 6) is an important requirement in
the dissemination of open data. While the principle of
open data means that they are available as “public
domain” without copyright restrictions, however
“exemption from restrictions” is provided through
public licenses. Without the exact details of license
conditions data do not acquire the status of open, even
if they are presented in a machine�readable format on
the network. The licenses that are issued by the non�
profit organization Creative Commons, whose aim is
the legal spreading and use of knowledge and the
results of creativity, are the most suitable licenses for
this purpose.

Finally, advertising of data in order to make it well
known to a wider range of network users is an impor�
tant aspect of data publication in LOD. The addition
of sets on the so�called LOD cloud (http://richard.cyg�
aniak.de/2007/10/lod) with the visual representation
of linked sets with meta�information that is main�
tained and updated on a certain node (http://theda�
tahub.org) is one of the best methods of advertising.

An extensive list of guidelines at different levels,
with which we can explore the technology of linked
publications and of linked data research, is presented
on the http://linkeddata.org site. Recommendations
on selecting of a variety of tools, viz., publishing plat�
forms, editors, and control instruments (“validators”)
of RDF files, as well as of specialized browsers and
search engines, are also given there. Several authors
have attempted to create simplified guides that can
provide a “quick start” in mastering the elements of
the new technology, initially avoiding the problems
that are associated with studying this technology in
detail. In particular, we can point to [8] for a collection
and submission of renewable energy information pro�
duced by LOD technology, as well as a short course [9]
of five lessons (tutorials) to explore key elements of the
technology: RDF, RDFS, semantic modeling, etc.

INTEGRATION OF NATURAL�SCIENCE 
DATA: OPPORTUNITIES 
OF LINKED OPEN DATA

With regard to science, a number of the LOD�tech�
nology aspects that meet the long�standing needs of
the scientific community, which include the rapid
spread of knowledge, standardization of concepts and
terms, and integration of text and structured data,
have been noted. The market has repeatedly offered
tools that are able to meet some of these needs to vary�
ing degrees. The facilities offered by the Web of Sci�
ence international database could be given as an
example. Starting from a certain publication they
allow one to find a cluster of thematically related
records by binding of bibliographic data and by cre�

ation of a citation map with two generations of forward
and backward citations. For a number of years, hopes
for a deeper level of integration were associated with
possible domain�specific versions of XML, providing a
clear view of metadata to describe the structure and
semantics of the information resources on the Web. A
new concept of scientific publications in the form of
XML documents containing ordinary text as well
structured data with relational or hierarchical struc�
ture was even proposed[14]. The imperfections of
XML�related technologies when compared with the
capabilities of the Semantic WEB were gradually real�
ized. XML has very limited means for integrating
resources that cover a range of subject areas. Syntax is
more strongly supported in an XML document than
semantics, as tags structure the data within a docu�
ment, but they are poorly related to the content of the
data. In this regard the Semantic WEB technology,
including LOD, opens greater opportunities in data
introduction and integration by taking both their
structure and semantics into account. All the problems
with integration are usually pinned on the data user, in
this case they are placed on the publisher, who uses a
rich toolset in the form of RDFS, OWL, etc. This form
provides wide dissemination when the publisher offers
open access through standard interfaces such as
SPARQL or URI; he also offers the integration of data
by supporting a list of links between different RDF
data, providing access to them through the user’s
requests; normalization through the use of RDF data
in a common set of vocabularies and ontologies.

Semantic WEB Technologies in the Life Sciences

To date, there is already some experience in pub�
lishing of linked natural�science data. For several rea�
sons, the greatest activity in the development of these
technologies is observed in the field of life sciences.
The creation of a special structure in W3C Group,
viz., Health Care and Life Sciences Interest Group
(HCLS IG, www.w3.org/blog/hcls) is an indication of
the particular attention of W3C to this field. The activi�
ties of this group are focused on the widespread imple�
mentation of integration technologies in three fields:
biology, traditional medicine, and application of meth�
ods in a relatively new field: translational medicine.

In biology the main purpose of using LOD is to
cope with the huge volume of new data received during
research. Such studies are conducted on the broadest
range of scales: molecules, cells, cell structures, tis�
sues, organs, organisms, populations, and ecosystems.
Many experimental procedures, instruments, and
reagents are used. We can note a number of directions,
for example, studies of gene expression, of pheno�
types, and chemical screening, that deliver a particu�
larly large amount of data, on the basis of which con�
clusions are made and new hypothesis are proposed.
The vast majority of these data are concentrated on a
variety of heterogeneous databases, which requires a
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great deal of effort for their integration through the
creation of integrating data models [2, 3].

The HCLS IG Group has prepared a set of techni�
cal advice on the conversion of raw data into the RDF
format. In particular, the guidelines in [15] give
detailed and well�documented answers to researchers
to such questions as the methods and tools of rela�
tional database reflection in RDF; conversion of
unstructured data (text, graphics, etc.) in RDF;
opportunities for people and software agents to find
and to use published RDF; licensing of published
LOD data. The guide includes a total of 14 detailed
recommendations on all aspects of the presentation of
linked data; their application area overruns the bio�
medical theme.

The second area that is supervised by the HCLS IG
group where the effectiveness of LOD methods are
quite high, is traditional clinical medicine. The extent
of the application area of these methods is determined
by the needs of a powerful information infrastructure
that combines clinical data with the data of genomic
research, bioinformatics, chemical informatics, and
environmental data. One the main tasks that is under�
taken by the group in the implementation of LOD
technologies, consists in combining them with the
applicable western standards on the collection and
sharing of health data, such as The Clinical Data Inter�
change Standards Consortium (CDISC) and Health
Level Seven (HL7). Another task involves the creation

of formal ontologies for clinical medicine and research
using tools such as OWL and RDFS.

The methods of linked data are especially in
demand in so�called translational medicine in a rela�
tively new industry that is actively using preclinical
data in daily diagnosis and treatment, as well as con�
necting the development of drugs directly with the
patient’s response to correct the selection of the drug
dose and time of reception. Naturally, an effective pro�
cedure for binding data that is obtained in the labora�
tory and clinical trials is the key issue in fundamental
and applied medicine.

Based on the experience with linked data�repre�
sentation associated data, the HCLS IG group devel�
oped and recommended to users a detailed description
on transformation of raw data into RDF triplet and
linking these with other sources (Fig. 4.). In [16] sev�
eral specific examples of this process were examined:
RDF data binding, which was obtained with DNA
microarray technology for the analysis of changes in
gene expression; linkage of numerous data on the
properties and testing of drugs; generation of an RDF
concept index (which is connected to the database of
side effects caused by the action of drugs) in unstruc�
tured clinical reports.

One of the problems encountered by experts during
the linking of biomedical data is that initially these
data were meaningfully collected in a relational data�
base. The general opinion that prevails in the commu�
nity that uses the Semantic WEB is that the data

Manual input

Unstructured data

Structured data

Structured data

Structured data SPARQL endpoint/Linked Semantic web

Ontology
Structured data

(text documents)

(spreadsheets)

(XML documents)

(relational tables)

(RDF store) Data application

Fig. 4. A schematization of a working process during representation of unstructured and structured data in RDF format [15].
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“should be left where they are” and to generate RDF
synchronized, always leaving the possibility of access
to updated sources of data open. Many professionals
who use the recommendations of the HCLS IG, choose
the relational data base (RDB) format, sometimes
importing initially unstructured text in the database,
anticipating all the procedures of their conversion to
RDF format. For this reason, the entire direction of
works in order to build reflections of the RDB → RDF
(RDB2RDF) type was formed.

Compared with the relational model, the RDF
structure is more expressive and data recorded in RDF
may be interpreted and processed by software agents.
Apparently, the first time the idea of such a mapping
was expressed in 1998 by T. Berners–Lee, who consid�
ered the similarities and differences in the RDF mod�
els and “entity–relationship” [17]. Since 2009, the
dedicated RDB2RDF Working Group Charter group
(www.w3.org/ 2001/sw/rdb2rdf/) has been working on
this subject. The D2R Server (http://d2rq.org/d2r�
server) is the most common tool in relational database
presentation as Linked Data. Using declarative lan�
guage, the publisher sets a display between the rela�
tional database schema and the target RDF dictionary.
As a result, the server publishes linked data, which
allows the client to request data from the database
using the SPARQL protocol. Using a server involves
several steps: (1) downloading and installation of
server software; (2) automatic generation of the D2RQ
display of the database schema; (3) manual setting of
the display by replacing automatically generated terms
with more appropriate ones selected from well�known
and public RDF dictionaries; (4) installation of RDF
links from external data sources; and (5) installation of
several RDF references from the existing LOD data on
the resources of a new set corresponding to the data�
base, so that search engine spiders, which go through
web pages, can discover new information. The D2R
Server supports the most popular databases: Oracle,
MySQL, PostgreSQL, SQL Server, HSQLDB, and
Interbase/Firebird.

The meaning of the conversion operation RDB →
RDF consists not only of format unification but also of
a certain content enrichment due to explicit modeling
of the relationships between entities, which were not
significant in relational databases, and, of course, due
to the inclusion of object�oriented semantics in the
data. This conversion generates the “semantic view”
of database content, which initially has no RDF rep�
resentation. Thus, Fig. 4 shows that, in addition to
generating an RDF database version through a declar�
ative representation, a D2R server can directly provide
an endpoint entry in the database for the SPARQL
protocol. The recommendations of HCLS IG discuss
all the specifics that are associated with the choice of
display languages and tools for database�content
implementation in the Linked Open Data medium in
detail.

Semantic WEB Technologies in Chemistry

In chemistry, the idea of the Semantic WEB met a
long�prepared basis. Since 1998 there has been a dis�
cipline called Chemoinformatics. The distribution and
integration of multiple references and experimental
data on the structure and properties of the com�
pounds, chemical constants of reactions, etc, make up
one of the tasks of this discipline. At the same time,
chemistry is different from other disciplines in its con�
servative attitude to the concept of open data. As the
author of the review [18] remarked, in the chemistry
the dissemination of knowledge is sub�delegated to
commercial publishers, which prevents the automatic
release of data from journal articles, more strongly
than in other areas of science. This begins to slow sci�
entific progress, especially in the neighboring areas (in
bioinformatics, genomics, and pharmaceuticals) and
the implementation of integration technologies is
gradually beginning in chemistry.

In 2010 the American Chemical Society (ACS)
held a 2�day seminar on the use of the RDF model,
where existing products that have provided communi�
cation within chemistry, and especially in conjunction
with the problems of bioinformatics, were considered.
According to the materials of this seminar, the Journal
of Cheminformatics publishes the topical series “RDF
technologies in chemistry” (www.jcheminf.com/
series/acsrdf2010) with a detailed review [19]. At that
time, the use of RDF was sporadic, demonstrating
success for only some projects. Apparently, the first
proposal to use RDF for representation of chemical
structures was made in 2004 in [20], who previously
proposed the CML language (Chemical Markup Lan�
guage) for data exchange. The SPARQL search lan�
guage became applicable in 2007 for annotated sys�
tems of crystalline structures. Such projects as
Bio2RDF, Chem2Bio2RDF and OpenTox were illus�
trated in the presentations at the workshop. In these
projects knowledge from genomics, chemistry, and
pharmaceutics was loaded onto the Semantic WEB
using RDF. These projects were designed for the cre�
ation of a database with the chemical information
available from a central point, combining the individ�
ual data sets. As well, smaller�scale projects using
RDF, for example, the Open Notebook Science Solu�
bility dataset, were implemented.

The most promising technology in the family of
RDF (SPARQL protocol) was successfully used to
solve problems of chemogenomics, multi�disciplinary
field determining the correspondence between ligands
and targets in biological objects. A search for biologi�
cally active compounds was carried out based on three
databases (PubChem, Uniprot, and DrugBank), which
are available on the Chem2Bio2RDF server. The server
provides access to relational databases, transforming
SPARQL queries into conventional SQL.

RDF technology connects data on chemical con�
cepts (object, concept) with resources that provide
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details related to these resources and the SPARQL
Protocol provides the means for data searching and
aggregation. The following standard of the Semantic
WEB, viz., the Web Ontology Language (OWL) links
the RDF technology with many ontologies. Like a
controlled vocabulary or thesaurus, ontologies
describe the meaning of concepts, binding terms with
definitions, as perceived by people. At the same time,
content presentation in explicit terms allows both peo�
ple and computers to organize formal reasoning, and
perhaps to find source errors.

To date, there are not very many ontologies in
chemistry, especially those written in the OWL lan�
guage. For example, Konyk et al. used OWL to con�
nect the three major Data Warehouse (PubChem,
Drug�Bank, and DBPedia), providing new ways of
acquiring knowledge [21]. There is a special collection
of biomedical ontologies (OBO Foundry ontologies,
www.obofoundry.org), some of which include chemi�
cal problems, such as ChEBI (Chemical Entities of
Biological Interest), CHEMINF (Chemical Informa�
tion Ontology), CO (A chemical ontology for the
identification of functional groups and semantic com�
parison of small molecules). For ontologies stored in
the OBO format, there are means of conversion in
OWL, which provides the application of this format as
a general one for the integration of chemical data.

The CHESS system (Chemical Entity Semantic
Specification) for the submission of polyatomic mole�
cules and their components using the Semantic WEB
[22] was developed on the basis of the CHEMINF
ontology. CHESS specification includes three broad
categories: (1) chemical entities, i.e., reactions, com�
plexes, molecules, functional groups, bonds and
atoms (possibly including electrons and macromole�
cules); (2) chemical descriptors; and (3) a chemical
“configuration” that reflects the conditions under
which the data were obtained, as well as the data
source. The main requirement involves the ability to
represent chemistry concepts in a manner that does
not depend on the starting database, on software and
on the particular branch of science. A harmonized
coding system of atoms, bonds and functional groups,
using the recommended IUPAC identifier InChI keys,
which is a linear notation in the form of a character
string (www.iupac.org/inchi), has been implemented
for this purpose. Another feature of the system lies in
its flexibility, which is manifested in the ability to per�
ceive data and notations of different formats that
define structural information (along with InChI, for
example, the Simplified Molecular Input Line Entry
System notation (SMILES)). CHESS also provides
data storage with clear indications of the conditions in
which these data is derived, as well as of related data.
Finally, it is important that along with traditional
search and aggregation services CHESS supports stan�
dard chemoinformatics tools for drug searches, chem�
ical analogues, and model reactions via pattern
matching.

Analysis of the abilities of CHESS [22] shows that,
despite the above�noted conservatism, a gradual tran�
sition to the integration of data with sufficient univer�
salism of this procedure, i.e., with the independence of
the data structure and format, is observed in chemistry.
Naturally, the project in [22] is not unique; the overall
picture as of 2013, which was presented in a review in
[23], concerns linking technology of documents as
well, while in the reports of the ACS seminar [19], the
focus was on the integration of databases. In particu�
lar, the review considered a form of so�called Semantic
Publications based on the example of the publications
of the Royal Society of Chemistry (RSC). In the struc�
ture of this society, the RSC Semantic publishing
project (www.rsc.org/Publishing/Journals/Project�
Prospect/ index.asp) was implemented, in which
framework articles from magazines in 2008–2010 are
linked with the ChemSpider open database
(www.chemspider.ru). Manuscripts submitted to the
RSC, are semantically marked to identify the impor�
tant chemical data, particularly data according to
structures. Marking provides “links” of texts with
additional sources of data on properties. This allows
search engines to use marking, in particular, to identify
the date associated with a particular structure. The
approach implemented by RSC Project demonstrates
the benefits of publication in formats that are compat�
ible with the Semantic WEB. The corresponding func�
tionality associated with the formats of RDF, has been
added to the interface of the giant ChemSpider open
database.

CONCLUSIONS

The above discussion shows the untapped potential
of the Semantic WEB and specifically, of Linked data
technology in the field of natural sciences. Although
the examples that were given in the article are bor�
rowed from the field of Life sciences and chemistry,
similar applications have been developed for other
fields, for example for crystallography, thermodynam�
ics, earth sciences, etc. The most significant issue is
that semantic technologies revolutionize the process
of publication for a scientist. A scientific publication
ceases to be an isolated unit, which is reflected only by
abstracting services, and becomes a part of a global
database. The conversion of its content in RDF pro�
vides a binding with thematically related publications
and database. The binding itself occurs without the
participation of the author, based on the use of online
dictionaries and ontologies. The publication of the
Royal Chemical Society (Great Britain) is a perfect
example. This publication is uses semantic markup
and contains numerous references to relevant sources
that contain more information on the structures and
properties of these substances in the original publica�
tion.
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The idea of such publication enrichment with
additional data goes back to the early 2000s [14, 24],
where instead of the traditional forms of publication, a
structure that allows readers to have direct access to an
original numerical file, which is obtained by experi�
ment or numerical simulation, was proposed. Such a
structure, which received the special name datument (a
neologism signifying the synthesis of data and docu�
ments), was constructed in the form of the XML doc�
ument, which should replace conventional forms of
electronic publication such as PDF files according to
the authors concept. In this concept marking up of
texts with references can lead to a repository where the
initial data is stored or to the corresponding software.
Moreover, a concept is widely discussed where, along
with the openness of a datument, it is possible to allow
interaction of authors and readers during scientific
communication without the traditional role of the
publisher, limiting their function to the organization
of peer reviews and support of impact factors. Free
distribution of tables and graphic information, molec�
ular structures, and mathematical constructs in the
form of the elements of MathML are the main advan�
tages of a datument.

Despite the great enthusiasm that was shown to
similar forms of publication, support for XML was
apparently a deterrent. We have already noted that the
XML�related technologies are much weaker during
the integration of many heterogeneous resources, as it
supports syntax, but not semantics. At the same the
LOD technology, which is not limited to the standard�
ization of data exchange, provides truly semantic data
integration by automatic linkage of a number of
related resources in coordination with the terminology
and concepts with common vocabularies and ontolo�
gies.

The ability to present unstructured (text articles,
documents, etc.) and rigidly structured data placed in
a relational database at the same level (see, especially,
Fig. 4 and the description of the D2R server in guide�
lines [15]) is another important advantage of the
Semantic WEB technology.

Finally, in addition to the rich technological capa�
bilities, the entire concept of related data raises a num�
ber of conceptual implications for those disciplines,
where this concept shows its advantages. It fosters a
transition towards open data, responding to ever�
emerging initiatives such as Pubmedcentral, ePrints
Initiative, Open Archives Initiative, Public Library of
Science, etc. It creates communication space, having
a noticeable advantage compared with traditional
publications forms distributed by commercially ori�
ented publishers. An increased attention to dictionar�
ies and community taxonomies is another conse�
quence of the new technology. Besides the fact that it
is an appeal to the Common Terminology Systems pro�
vides a binding of documents, the need to work with

ontologies suggests certain order in the subject area by
standardizing the terminology, concepts, units, etc.
Finally, the general rules for the publication of related
documents (see the section “Basic elements …”) impose
fairly strict requirements on a preliminary stage, such
as a removal of contaminating information, a clear
separation of data and metadata, an interpretation of
the terms by references to public vocabularies or
ontologies. Thus, already at the preparation stage the
new publication technology encourages authors to
provide a more rigorous and standardized form of
information presentation.
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