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Abstract—The paper proposes a variety of metagraphs focused on the use in ontological engineering of com-
plex systems characterized by complexity of structure, multicomponent nature, the presence of functional
subsystems that solve various target tasks, and a large number of parameters characterizing the processes of
the system. Ontological engineering aims to ensure the adoption of high-quality management decisions by
increasing the level of integration of the necessary information, improving the search capabilities of databases
and knowledge, and providing the possibility of joint work with the knowledge base, which is provided by a
single semantic description of applied ontology. Meta-associative graphs allow providing a f lexible represen-
tation of the ontology of the domain of a complex system suitable for modeling system processes and ensuring
the functioning of information-analytical processes in the system, minimizing, in situations with no need for
detail, the necessary number of steps to obtain the necessary information, but, if there is a need for detailed
data, providing the ability to get all the related data. The inclusion of the process component in the ontolog-
ical model of the system makes it possible to increase the overall f lexibility of process modeling.
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INTRODUCTION
The efficiency of management of complex systems

largely depends on properly designed and well-estab-
lished system-defined processes and, accompanying
them, information-analytical processes [3, 4].

The ontological approach has a number of key
advantages in the design and maintenance of processes
in complex systems, since the feature of such systems
is a high level of process integration and the sharing of
data and knowledge [14, 21].

The features of complex systems are as follows:
• complexity of structure, multicomponent

nature, the presence of functional subsystems that
solve various target tasks, and a large number of
parameters characterizing the processes of the system;

• dynamic change in structure and parameters of
the system;

• incomplete information on the functioning and
state of the system;

• variety of external and anthropogenic impacts on
the system;

• the presence of complex nonlinear relationships
between parameters;
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• difficulty in making management decisions to
improve the efficiency of the system;

• limited opportunities for experimental research
of the system and ongoing processes;

• impossibility of using a unified approach to the
creation of models of industrial-engineering and
information-analytical processes occurring in such
systems [9, 13].

The conducted research made it possible to justify
the use of meta-associative graphs for ontological
engineering of complex systems. The requirements for
the toolkit integrating ontological and metagraph rep-
resentations within a single software-instrumental
environment are determined, which is not achieved by
the traditional unification of ontologies.

1. FEATURES OF ONTOLOGIES
OF COMPLEX SYSTEMS

Ontology describes concepts in a subject area, as well
as the relationships that exist between these concepts.
Thus, the basic characteristics of ontology are the hierar-
chy of concepts/objects, which is established using vari-
ous semantic links, the names of which are chosen on the
basis of the accepted terminology of the subject area, in
order to overcome the semantic gap between the expert
and the knowledge engineer [6, 17, 20].
241. © Pleiades Publishing, Ltd., 2023.
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Fig. 1. Attempt to represent the ontology of a complex system in the form of classical graphs.
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Fig. 2. Illustration of the dependences between the entities of the ontology of a complex system.
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Fig. 3. Example of metagraph.
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Ontological engineering involves:
• definition of classes of concepts in ontology;
• guide to taxonomy of classes;
• development of structures of concepts and situ-

ations;
• definition of the properties of concepts and

meanings of these properties;
• procedures for the withdrawal and transforma-

tion of situations [11].
For practical use in the final stages of development,

applied ontology should include so-called instances
(entities) of created classes with specific values of their
properties describing the real mapping of the applied
ontology [1].

The complexity of the structure, the multicomponent
nature, and the presence of functional subsystems within
a complex system naturally affect the presentation of its
ontology. In general, the ontology of a complex system
can be considered as a specification of the processes of its
construction and operation, regardless of the methods of
its implementation and also regardless of the technologies
used for its implementation [5, 7].

2. GRAPHS AS A MEANS OF REPRESENTING 
THE ONTOLOGY OF A COMPLEX SYSTEM

When trying to represent the ontology of a complex
system in the form of classical graphs, it may seem that
PATTERN RECOGNITION AND IMAGE ANALYSIS  V
it consists of completely independent segments, each
of which is a classical graph (Fig. 1).

However, the presence of complex nonlinear rela-
tionships between parameters and entities of a com-
plex system does not allow the use of classical graph
structures [10]. The ontology of a complex system can
be quite complicated and the essence of one, at first
glance, independent graph can be included in the
essence of the same or another graph (Fig. 2).

Obviously, the toolkit of classical graphs does not
make it possible to formalize such relationships between
the entities of ontology of a complex system [12, 18].
ol. 33  No. 3  2023
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Fig. 4. Meta-associative graph.
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The need to improve the adequacy of ontology
leads to the search for tools to use not only binary rela-
tions between the vertices of the graph but also rela-
tions that unite more than two vertices. A hypergraph
can be used as a model. The edge of the hypergraph
connecting a set of vertices corresponds to a specific
relationship between a given set of vertices. This, for
example, may be a set of system components involved
in performing a particular function, or a set of data
describing a particular object, properties, and events,
or a set of elements combined into one whole [8].
PATTERN RECOGNIT

Fig. 5. Ontology of the subject area Competitions.
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Currently, hypergraphs are widely used in those
areas where the analysis of complex relationships
between vertices of a graph is required, in particular, in
the design of hardware. However, by virtue of the defi-
nition, the hypergraph does not have enough conve-
nient capabilities for modeling hierarchies. Unlike the
hypergraph, the metagraph is a model of a hierarchical
object with a different level of generalization [19].

A metagraph is a collection of directional set-to-set
mappings. Its promising applications are modeling data
relationships, each of which is represented as mapping a
set of key elements to a data set, and modeling workflow
tasks, each of which can be seen as mapping a set of ele-
ments of input documents to the output set (Fig. 3).

A metagraph is defined by three sets:

where V is the set of metagraph vertices, MV is the set
of metavertices, and E is the set of edges. The metaver-
tex of the metagraph is a vertex that includes a set of
vertices ,  ∈ V.

The vertex of the metagraph can be attributive; that is,
an arbitrary number of attributes can be associated with it:

where  is the apex of the metagraph and A is the set
of attributes.

The edge of the metagraph is characterized by the ori-
gin and destination vertices and direction and connects
two vertices, unlike the hyperedge of the hypergraph,
which can cover several vertices. The edge can connect
both vertices and metavertices of the metagraph [2].

3. META-ASSOCIATIVE GRAPHS
When describing the ontology of a complex system,

a metagraph with attribute vertices, in some cases, is
still not an ideal tool. The requirements for the dyna-
mism of changes in the structure and parameters of
the system, from the point of view of ontological mod-
eling of processes in a complex system, make the dif-
ferences between attributes and vertices within the
metavertex rather fragile. So the vertex of the meta-

{ }= , , ,S V MV E

v v

{ }= ∈v v, ,i A i V

vi
ION AND IMAGE ANALYSIS  Vol. 33  No. 3  2023



ONTOLOGICAL ENGINEERING IN COMPLEX SYSTEMS 237

Fig. 6. The User class and its associations.
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graph, in fact, is a degenerate case of considering a
metavertex without the vertices included in it. In addi-
tion, the classical metagraph lacks natural mecha-
nisms for identifying events and reacting to them [16].

It is proposed to generalize the concepts of the ver-
tex and metatvertex to the concept of the node of the
metagraph (N) and to supplement the definition of the
node with a name and sets of events and methods
belonging to the node:

where I is the name of the node, EV is the set of events
associated with the node of the metagraph, and M is the
set of methods associated with the node of the meta-
graph. AS is transformed from a set of attributes A into a
set of associative attributes that are either ordinary attri-
butes or references to nodes of the metagraph:

This type of metagraph makes it possible to increase
the flexibility of modeling ontology, especially ontologies
of processes of a complex system, since references to
nodes of the metagraph, in fact, differ little from the edges
of the metagraph and allow for associative connections
between nodes. Any vertex potentially becomes a
metavertex, because a reference to another node of the
metagraph provides all the possibilities for interacting
with it. On the other hand, in the absence of the need to
establish an associative link, the link can be presented as a

{ }= , , , ,N I AS EV M

{ , *}.AS A N=
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normal attribute with a value equal to the name of the
node (Fig. 4).

In addition, this approach to the construction of
the metagraph allows one to include the process com-
ponent in the ontological model of the system as an
integral part of it, which allows one to f lexibly and
economically form process models based on segments
of the general ontological model.

4. SOFTWARE-INSTRUMENTAL TOOLS FOR 
ONTOLOGICAL ENGINEERING ON THE 
BASIS OF META-ASSOCIATIVE GRAPHS
A specialized software-instrumental environment is

developed within which it is possible to design the
domain ontology of the system and its system processes
and implement information-analytical processes [15].

Let us consider the relatively simple task of organizing
refereeing in sports competitions. For simplicity, we will
limit ourselves to the consideration of processes focused
only on the judges and chief judges of the competition.

The hierarchical structure of ontology is shown in Fig. 5.
Classes (nodes of the meta-associative graph) City,

Yes/No, and Category of judge are independent
graphs within the ontology of the subject area and, in
fact, perform the functions of reference books.

The City and Judge category classes are linked
through associative links to the User class (Fig. 6).
ol. 33  No. 3  2023
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Fig. 8. Internal programming language editor and event configuration for the method.

Fig. 9. Assessment by the judge.
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Fig. 10. Approval of the protocol by the chief judge.
The class Evaluation is of interest from the point of
view that it does not contain a single independent attri-
bute, but only associative links with other classes (Fig. 7).

Figure 5 shows that the Competition class includes
a number of methods necessary for the functioning of
the system processes.

The methods are implemented by means of the
developed embedded programming language designed
for direct use of ontology and system data.

Methods can be initiated when system events occur,
or they can be executed manually. Figure 8 shows a gen-
eral view of the embedded programming language editor
and the configuration dialog of methods. Events can
occur in both synchronous and asynchronous mode. The
editor module has the functionality of tracking changes
and versioning and also includes a debugger.

Let us review the basic processes of the Judge and
the Chief judge implemented in domain ontology.

The task of the judge is to choose athletes in the
category that he judges (Fig. 9). In this case, the asso-
PATTERN RECOGNITION AND IMAGE ANALYSIS  V
ciative link from the class Assessment to the class User
is used to identify the belonging of the assessment to a
particular judge, as well as to distinguish the access of
judges to their assessments. The screen form contains
the Confirm Top 15 and Confirm Top 5 methods,
which the Judge must call manually after scoring.

For the chief judge, the system aggregates data on
judges’ assessments (Fig. 10). The software-instrumental
environment allows to pivot a portion of the table data for
a more convenient view. Prior to pivot, the table in Fig. 10
was close to the table in Fig. 9, with additional attributes.

Thus, the same data structure representing the
domain ontology and using meta-associative connections
can be presented in different ways, depending on the
needs of modeling and supporting a particular process.

CONCLUSIONS

Modeling and execution of processes aimed at sup-
porting management decisions in a complex system is,
ol. 33  No. 3  2023
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in fact, impossible without building an ontological
model of its domain and processes.

The process of constructing the ontology of a com-
plex system is a nontrivial task and requires an integrated
approach—ontological engineering (to effectively solve
the problem of ontological engineering, universal means
of representing the hierarchy, attributes, events, and
methods within the ontology are required).

The proposed new type of meta-associative graphs
designed for ontological engineering of a complex sys-
tem solves the tasks and shows its effectiveness in real
applications.

The ontological model of the subject area and the
models of system-defined and information-analytical
processes form the basis for management in complex
systems, which every year becomes more complex
with increasing speed, volume and complexity of data
flows accompanying the processes taking place in
them. The proposed approach makes it possible to
expand and flexibly rebuild the existing ontology in
accordance with changing requirements.

The developed specialized software and tools for
ontological engineering were tested and showed their
effectiveness in solving real problems.
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